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Preface 


The cytokines are probably the most important 
biologically active group of molecules to be identified 
since the discovery of the classical endocrine hormones. 
Most of the cytokines are small to medium sized proteins 
or glycoproteins which mediate potent biological affects 
on most cell types. Originally identified as being 
important in inflammatory processes, the development 
and maintenance of immune respones and for 
haematopoiesis, it is now becoming evident that 
cytokines are involved, at least to some extent, in most if 
not all physiological processes. Progress with the 
identification with new cytokine molecules is particularly 
fast moving and new molecules are discovered with 
alarming frequency. Most cytokine molecules show more 
than one property and many seem able to mediate a vast 
array of different biological functions. More than one 
hundred different cytokine molecules have now been 
identified and when this is considered with the 
pleiotropic functions mediated by many of these 


Tony and Robin 


substances, their importance is difficult to overestimate. 
Cytokine involvement in pathological processes seems 
likely if the delicate balance of their production and 
control is disturbed and therapeutic use of cytokines for a 
broad range of clinical indications is now established. 

This book contains a concise description of all the 
important aspects of cytokine structure, biochemistry 
and biology. In most cases individual chapters are 
devoted to single cytokines. However, insufficient 
accurate information is at present available for interleukin 
17 and 18 to allow complete chapters to be written for 
these molecules. Their properties (as far as these are 
known to date) are included in the summary tables which 
are located at the end of the book. 

We would like to thank all the authors for their 
contributions to this book, in addition to Sarah Stafford, 
Heather Burroughs and Andrew Davies, whose 
invaluable help with the development of the book is very 
gratefully received. 
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l. Introduction 


Interleukin-1 (IL-1) is the term for two polypeptide 
mediators (IL-la and IL-1B) that are among the most 
potent and multifunctional cell activators described in 
immunology and cell biology. The spectrum of action of 
IL-1 encompasses cells of hematopoietic origin, from 
immature precursors to differentiated leukocytes, vessel 
wall elements, and cells of mesenchymal, nervous, and 
epithelial origin (Dinarello, 1991, 1994, 1996). 
Occupancy of few receptors, perhaps one, per cell is 
sufficient to elicit cellular responses. 

The activity of IL-1 overlaps largely with that of tumor 
necrosis factor (TNF) and other cytokines. This overlap 
renders it difficult to trace unequivocally the history of 
the discovery of IL-1 in the “premolecular” era. Many of 
the early descriptions of 1L-1 activities, for instance that 
of endogeneous pyrogen, can as well pertain to other 
cytokines. The identification of lymphocyte-activating 
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factor (LAF) was a landmark because it provided a 
reliable, casy, but still considerably specific 7” vitro assay 
for purification and, eventually, cloning of IL-1 (for 
review see Oppenheim and Gery, 1993). lt is ironic that 
the importance of lL-l in the generation of T cell 
immunity is still not clearly and unequivocally defined 
despite its role in the discovery. 

The production and action of IL-1 is regulated by 
multiple control pathways, some of which are unique to 
this cytokine (Figure 1.1). This complexity and 
uniqueness is best represented by the term “IL-1 system” 
(Colotta et al., 1994a). The IL-1 system consists of the 
two agonists IL-1o and IL-1, a specific activation system 
(IL-1 converting enzyme, ICE), a receptor antagonist 
(IL-1 Ra) produced in different isoforms (Arend, 1993), 
and two high-affinity surface binding molecules (Colotta 
et al., 1994a). This chapter will focus largely on IL-1 and 
its receptors, with a concise summary of the properties of 
other elements in the system (IL-1] Ra, ICE). 


Copyright © 1998 Academic Press Limited 
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An overview of the IL-1 system. ICE, IL-1- 


Figure 1.1 
converting enzyme; GC, glucocorticoid hormones; Ra, 
receptor antagonist. The + and — signs indicate 
stimulation or inhibition of production. 


2. The Cytokine Gene 


2.1 THE IL-1 GENE 


In 1984, the human IL-18 (Auron et al., 1984) cDNA 
was identified and sequenced. Next, additional sequences 
were obtained from human 1L-1 (March et al., 1985). 
Earlier biochemical studies had identified two forms of 
IL-l on the basis of their distinct isoelectric points 
(Dinarello et al., 1974). That indeed two forms of IL-I 
exist was confirmed by the identification of two different 
cDNAs. 

Human IL-la cDNA is shown in Figure 1.2. The 5’ 
untranslated region is 59 bp long, followed by a single 
open reading frame of 813 bp which codes for a pretursor 
protein of 271 amino acids. The sequence does not 
contain any N-terminal signal peptide of hydrophobic 
residues, nor does it have an internal long hydrophobic 
stretch. The coding sequence is followed by a 3’ 
untranslated region of 1141 bp, followed by the poly(A) 
tail. The 3’ untranslated sequence of IL-Ia, and of IL-1B 
also, contains several copies of the ATTTA motif which is 
thought to be involved in shortening transcript stability. 
Human IL-la mRNA comprises 2000-2200 nucleotides. 
Human 1L-1B cDNA has a 5’ untranslated region of 
approximately 70 bp. The coding region is 807 bp long, 
thus coding for a 269-amino-acid precursor protein. The 
protein encoded by this „sequence does not contain 
classical leader peptide. IL-l transcripts are 1800 
nucleotides in length. Human 1L-1a@ and 1L-1 share only 
26% homology at the protein level, but significantly more 
occurs at the nucleotide level (45%), thus raising the 
possibility that these genes arise from a duplication event. 


2.2 IL-1 GENE STRUCTURE 


The IL-la gene is approximately 10 kb in length 
(Furutani et al., 1986), whereas the IL-1B gene is 7 kb 


(Clark et al., 1986). The human (Lafage et al., 1989; 
Webb et al., 1986) IL-1 genes are located on 
chromosome 2, in position 2q13, in the same region as 
1L-1Ra and the type I and type ll receptors. Although 
1L-la and IL-1B exon sequences are considerably 
different, the two genes share a highly conserved 
intron-exon structure (Clark et al., 1986). Moreover, 
IL-la and IL-1B genes show considerable homology in 
the intron sequences, suggesting a regulatory role for 
these regions in 1L-] expression (see below). 

Both genes have 7 exons (Figure 1.3). The first intron 
of IL-IB contains a highly conserved homopurine tract. 
Other sequences in the first intron of the human IL-1 
gene may exert either positive or negative regulatory 
activity in transfection experiments. The fourth intron 
and third intron of, respectively, the human 1L-la@ and 
1L-1B genes contain Alu sequences. There is a 46 bp 
tandem repeat in intron 6 of human IL-1 that could act 
as an enhancer or a suppressor. Each repeat contains a 
binding sequence for the transcriptional factor SP-1, an 
imperfect copy of a viral enhancer element and an inverse 
complementary copy of the glucocorticoid (GC)- 
responsive elements. A polymorphism within this intron 
is generated by a variability in the number of repeats. 
Also intron 5 of the IL-1B gene contains a sequence 
which resembles the GC-responsive consensus element 
(TGTYCT). A role, if any, for these sequences in 
mediating the GC-induced suppression of IL-1 gene 
transcription has not been determined. Only one variant 
1L-1B allele has been described. 


2.3 IL-1 PROMOTER 


The 1L-1 genes are not expressed in unstimulated blood 
monocytes, vascular cells (smooth-muscle and endo- 
thelial cells), and fibroblasts. The IL-l&œ promoter, in 
contrast to the 1L-IB promoter, lacks a CAT box and has 
a very poor TATA box. Transient transfection experi- 
ments using upstream sequences of the human IL-18 
gene demonstrated that CAT expression is detectable in 
the human promonocytic cell line THP-1 but not in 
HeLa cells (Clark et al., 1988). 1n contrast, a fusion gene 
containing also the first intron of 1L-1B gene was 
expressed in HeLa cells (Bensi et al., 1990). Moreover, 
when the first intron is present in the expression 
construct, only 132 bp of IL-1 promoter is sufficient to 
promote transcriptional activity. 

A phorbol myristate acetate (PMA)-responsive 
enhancer within the human IL-IB gene was identified 
between positions -2983 and -2795 upstream from the 
transcriptional. start site (Bensi et al, 1990). This 
enhancer sequence contains a DNA motif similar to the 
AP-1-responsive elements. A lypopolysaccharide (LPS)- 
responsive element within the human IL-1B gene is 
located between -3757 and -2729. The LPS-inducible 
element also appeared to mediate PMA and IL-l 
responsiveness in monocytes and fibroblasts. 
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1401 GCCTACTTAAGACAATTACAAAAGGCGAAGAAGACTGACTCAGGCIT 1447 


1448 AA CCAGCCAGAGAGGGAGTCA ATIGGCGTTTGAGTCAGCA 1498 Exon 1 
AG 


> 


2163 AAGTCAAGATGGCCAAAGTTCCAGACATGTTTGAAGACCTGAAGA Exon 2 
ACTGTTACAG 2217 


3176 TGAAAATGAAGAAGACAGTTCCTCCATTGATCATCTGTCTCTG Exon 3 
AATCAG 3224 


4113 AAATCCTTCTATCATGTAAGCTATGGCCCACTCCATGAAGGCTGCA 
TGGATCAATCTGTGTCTCTGAGTATCTCTGAAACCTCTAAAACATC 
CAAGCTTACCTTCAAGGAGAGCATGGTGGTAGTAGCAACCAACGGG Exon 4 
AAGGTTCTGAAGAAGAGACGGTTGAGTTTAAGCCAATCCATCACT 
GATGATGACCTGGAGGCCATCGCCAATGACTCAGAGGAAG 4335 


6272 AAATCATCAAGCCTAGGTCATCACCTTTTAGCTTCCTGAGCAATGT 
GAAATACAACTTTATGAGGATCATCAAATACGAATTCATCCTGA Exon 5 
ATGACGCCCTCAATCAAAGTATAATTCGAGCCAATGATCAGTACC 
TCACGGCTGCTGCATTACATAATCTGGATGAAGCAG 6442 


1825 TGAAATTTGACATGGGTGCTTATAAGTCATCAAAGGATGATGCT 
AAAATTACCGTGATTCTAAGAATCTCAAAAACTCAATTGTATG Exon 6 
TGACTGCCCAAGATGAAGACCAACCAGTGCTGCTGAAG 7949 


10300 GAGATGCCTGAGATACCCAAA ACCATCACAGGTAGTGAGACCAA 
CCTCCTCTTCTTCTGGGAAACTCACGGCACTAAGAACTATTTCACA 
TCAGTTGCCCATCCAAACTTGTITATTGCCACAAAGCAAGACTAC 
TGGGTGTGCTTGGCAGGGGGGCCACCCTCTATCACTGACTTTCAGAT 
ACTGGAAAACCAGGCGTAGGTCTGGAGTCTCACTTGTCTCACTIGTGCAG 
TGTIGACA ATATGTACCATGTACATGAAGAAGCTAAAT A 

TTAGTC ATTTGCTGAGCATGTACTGA TAATTCTAAATGAA TGT 
TTACACTCTTTGTAAGAGTGGAACCAACACTAACATATAATGTIGTIATI 
TAAAGAACA ATATTTTGCATAGTACCAATCATTITTAATIATIATY 

ATAACAATTTTAGGAGGACCAGAGCTACTGACTAT A AAA 


A A ATATTACAGAT AAATTA TAAGAAAA 
AAAT AAT. A AAACAA AGA 
CATGA AA C ATGAA 
AATCAAATAGCATAAGTIT A AGTITTAT A Exon 7 
AA A AATAATACCTAAGCCTT AA TITTIE 
AATCA TITTGGTAAAAT. AA À AAGA 
TGAAGGCAAAGCACGAAATGTTATITTITAATTATIATITATATATGTAT 
TTATAAATATATITAAGATAATTATAATA TATTTAT A 
A A ACCA A A TAGCAGACAGTGTITT 
CTGGGATAAGTAAGTTTGATTTICATTAATACAGGGCATTTTGGTICCAAGTI 
A ATA AGGAAA A TA A T 
AATCATATAATAAATGTACATTAATTACCTTGAGCCAGTAATTGGTCC 
GA A ATTAAACTTA A ATICA 
A A AGTCCTACAA A ATGAACTCAA 
ACAA TGA ACTGTTATCAAAA AATGTAAT 
AAT A AAAATT AT ACCATAAT: A 
TATTATCAACAATAGTGATTGATA it T TAA AAT 
AAGCTTGCAACAAAATTCTCTG 11654 


Figure 1.2 Gene sequences of IL-1¢ and IL-18. Sequences of (a) IL-1œ and (b) IL-1ßB are reported. TATA box is 
indicated by asterisks. Untranslated regions are underlined. 
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B 


He kk k ie ak ee k 2 


1891 


1934 
CTTCAGCCAATCTTCATTGCTCAA 


2465 
AAATGATGGCTTATTACAG 


3091 
ACAGATGAAG 


5124 


GCTTTTGAAAGCTATAAAAACAGCGAGGGAGAAACTGGCAGAT 


GTGTCTGAAGCAGCCATGGCAGAAGTACCTGAGCTCGCCAGTG 


TGGCAATGAGGATGACTTGTTCTTTGAAGCTGATGGCCCTAA 


HUMAN IL-1p 


1933 


Exon 1 
2004 


Exon 2 
2526 


Exon 3 
` 3 42 


TGCTCCTTCCAGGACCTGGACCTCTGCCCTCTGGATGGCGGCATC 


CAGCTACGAATCTCCGACCACCACTACAGCAAGGGCTTCAGGC 


AGGCCGCGTCAGTTGTTGTGGCCATGGACAAGCTGAGGAAGAT 


Exon 4 


GCTGGTTCCCTGCCCACAGACCTTCCAGGAGAATGACCTGAGCA 


CCTTCTTTCCCTTCATCTTTGAAGAAG 


3873 


39323 


AACCTATCTTCTTCGACACATGGGATAACGAGGCTTATGTGCA 
CGATGCACCTGTACGATCACTGAACTGCACGCTCCGGGACTCAC 


Exon 5 


AGCAAAAAAGCTTGGTGATGTCTGGTCCATATGAACTGAAAG 


CTCTCCACCTCCAGGGACAGGATATGGAGCAACAAG 


7274 


6037 


TGGTGTTCTCCATGTCCTTTGTACAAGGAGAAGAAAGTAATGA 
CAAAATACCTGTGGCCTTGGGCCTCAAGGAAAAGAATCTGTAC 


Exon 6 


CTGTCCTGCGTGTTGAAAGATGATAAGCCCACTCTACAGCTGG 


AG 


8126 


7404 


AGTGTAGATCCCAAAAATTACCCAAAGAAGAAGATGGAAA 


AGCGATTTGTCTTCAACAAGATAGAAATCAATAACAAGCTGG 
AATTTGAGTCTGCCCAGTTCCCCAACTGGTACATCAGCACCTCT 
CAAGCAGAAAACATGCCCGTCTTCCTGGGAGGGACCAAAGGCG 
GCCAGGATATAACTGACTTCACCATGCAATTTGTGTCTTCCTAA 





AATA TGA 


Exon 7 


8947 


Figure 1.2 Gene sequences of IL-1% and IL-18. Sequences of (a) IL-1a and (b) IL-18 are reported. TATA box is 
indicated by asterisks. Untranslated regions are underlined. 


2.4 REGULATION OF IL-l] GENE 
EXPRESSION 


A variety of external stimuli can activate transcription of 
IL-1 genes. Among these are endotoxins from Gram- 
negative and exotoxins from Gram-positive bacteria, 
phorbol esters, calcium ionophores (Yamato et al., 


1989), UV light (Kupper et al., 1987), T cells (Wasik et 
al., 1988), complement components (Schindler et al., 
1990a), and adhesion to extracellular matrix molecules 
(Haskill et al., 1988). IL-18 induction by LPS does not 
require intact protein synthesis, thus suggesting the 
activation of pre-existing transcriptional factors (Turner 
et al., 1989). Among cytokines, IL-1 gene transcription 
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500.bp 
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Figure 1.3 Gene structure of IL-1a, IL-18, and IL-1Ra. Exon and intron sizes are indicated. Selected restriction sites 
are also reported. 


is induced by IL-1 itself, TNF (Dinarello et al., 1987; 
Warner et al., 1987a,b), and IL-2 (Kovacs et al., 1989; 
Numerof et al., 1990). Certain cytokines synergize with 
LPS in inducing IL-l gene transcription, as 
demonstrated for IFN-y (Haq et al., 1985; Ucla et al., 
1990) and GM-CSF (Frendl et al., 1990). Histamine 
alone did not induce protein synthesis or IL-1 
transcripts in human peripheral blood mononuclear cells 
(PBMC), but enhanced (2- to 3-fold) IL-Ia-induced IL- 
1B transcripts and protein via H, receptors (Vannier and 
Dinarello, 1993). In contrast, histamine reduced LPS- 
induced IL-l expression in monocytes isolated by 
adherence to plastic (Dohlsten et æl., 1988). Early gene 
products from cytomegalovirus are able to induce CAT 
activity of a fusion gene including IL-1 gene sequence 
spanning from —1097 to +14 of human IL-1B promoter 
(Iwamoto et al., 1990). LPS-induced transcripts in 
mononuclear phagocytes peak at 4 to 6h after 
stimulation. 

IL-1 gene transcription is also under negative control. 
The T,,2-derived cytokines IL-4 (Essner et al., 1989; 
Hart et al., 1989), IL-10 (Moore et al., 1990), and IL- 
13 (Minty et al., 1993; de Waal Malefyt et al., 1993) 
suppress IL-1 expression in LPS-treated monocytes. Also 
IL-6 downregulates IL-I expression induced by LPS 
(Schindler et al., 1990b). IL-4 reduces IL-1 expression 
also when IL-1 is induced synergistically by IFN-y and 
WS (Donnelly er al., 1990). In contrast, IFN-y 
downregulates IL-1B and IL-la induction by IL-l 
(Ghezzi and Dinarello, 1988). Apart from cytokines, the 
best inhibitors of IL-1 transcription are glucocorticoids 
(GC). GC reduce IL-l production at both 
transcriptional (Nishida et al, 1988) and post- 


transcriptional levels (Knudsen et al., 1987; Lee et al., 
1988). GC block IL-18 transcript expression in IL-l- 
stimulated astrocytoma cells (Nishida et al., 1989) and in 
LPS-activated PBMC (Lew et al., 1988) and U937 cells 
(Knudsen et al., 1987). One study failed to report GC- 
induced suppression of IL-1 transcription, possibly 
because of the high LPS concentration (10 ug/ml), 
which could have overcome GC activity (Kern et al., 
1988). Prostaglandins (PG) do not affect IL-1 gene 
expression induced by IL-1 in vascular cells (Warner et 
al., 1987a,b), but block IL-1 release at the post- 
transcriptional level (Knudsen et al., 1986). The same 
was found in LPS-stimulated PBMC (Sung and Walters, 
1991) and murine macrophages (Ohmori et al., 1990). 
In contrast with these studies, PGE, and cAMP agonists 
were shown to augment IL-1B mRNA in LPS-activated 
murine macrophages, without any effect on IL-Ia 
transcripts (Ohmori et al., 1990). Also, IL-1-induced 
expression of both IL-la and IL-1f production was 
found to be enhanced by PGE, in human PBMC 
(Vannier and Dinarello, 1993). These discrepancies have 
yet to be explained. Heat shock response inducers 
downregulate IL-I expression (Schmidt and Abdulla, 
1988). Thus, IL-1 gene transcription is modulated by 
positive and negative signals and can be modulated by 
different cytokines, either alone or in combination. 

IL-1 expression is also differentially regulated during 
the maturation of blood monocytes into macrophages. 
Gene expression studies revealed that 4h after LPS 
stimulation, IL-1f transcripts in macrophages were 3- 
fold lower than in monocytes (Herzyk et al., 1992). 
However, total (i.e., intracellular and secreted) IL-16 
protein production was higher in macrophages than in 
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monocytes, thus suggesting a higher translation gene increases both IL-l1B transcription and mRNA 
efficiency in macrophages. Nevertheless, macrophages stability, a role for G-proteins in these processes is likely 
secrete only l-5% of intracellular IL-1 whereas (Demetri et al., 1990). A different IL-1B mRNA stability 
monocytes release 5—20%, thus explaining the finding was described in monocytes (4, , ~ 2-3 h) compared to 
that monocytes secrete more IL-1 than macrophages macrophages, (h, ~ 10 h) (Herzyk et al., 1992). 
(Herzyk et al., 1992). Nevertheless, since IL-1 transcripts are more abundant 
IL-la and IL-1 promoters share low homology; it is in monocytes than in macrophages, this implies that the 
thus not surprising that these two genes are differentially transcriptional rate of this gene is higher in monocytes. 
expressed in different cell types. Keratinocytes (Kupper et Histamine decreases IL-1B mRNA stability, but 
al., 1986) and T cell clones (Acres et al., 1987) express augments IL-1 transcripts in IL-lo-treated PBMC, 
more IL-la (2- to 4-fold) than IL-IB transcripts. By presumably by an augmented transcriptional rate 
contrast, LPS-stimulated mononuclear cells (PBMC) (Vannier and Dinarello, 1993). TNF augmented IL-If 
express predominantly IL-1B mRNA (Burchett et al., transcripts in fibrosarcoma cells by augmenting transcript 
1988). In U937 cells PMA is able to induce IL-18, but stability, while leaving gene transcription unchanged 
not IL-1la, transcripts. IL-lœ induced both transcripts in (Gorospe et al., 1993). This effect of TNF was mediated 
PBMC (Dinarello et al., 1987) but only IL-1B transcripts by activating protein kinase C. 
in vascular cells (smooth-muscle and endothelial cells) Among negative regulators of IL-l expression, both 
(Warner et al., 1987a,b). In these latter cell types, IL-Ia IL-4 (Donnelly et al., 1991) and the GC (Lee et al., 
transcripts were observed when cells were treated with 1988) hormone dexamethasone (Dex), in addition to 
the protein synthesis inhibitor cycloheximide (CH). CH inhibiting IL-l gene transcription, also increase IL-l 
is also known to superinduce LPS-induced IL-1 mRNA decay. The destabilizing effect of IL-4 and Dex 
transcripts, via a stabilization of IL-1 transcript stability on IL-1 mRNAs is blocked by the presence of a protein 
(Turner et al., 1989). By contrast, PMA-induced IL-I synthesis inhibitor, thus indicating that this effect 
mRNA is more stable and is not affected by the presence requires de novo protein synthesis. 
of CH (Fenton et al., 1988). Thus, LPS and PMA induce 
IL-1 gene expression by different mechanisms. 
Sequences involved in binding of transcriptional 
regulatory proteins were identified in the IL-1B gene 
promoter (Fenton, 1990). Using electrophoretic 3. Proteins 
mobility shift assay, a DNA binding activity was found in Mature human IL-lo@ (pl = 5) and IL-18 (pl = 7) are 
the promoter region between —58 and +11 using nuclear polypeptides which share 26% amino acid (aa) identity. 
extracts from resting and activated PBMC. This region is Comparison of mature IL-1f from different animal 
highly conserved between human and murine ,1L-1B species indicates that the amino acid sequence is 
promoters, and contains the TATA box sequente. A conserved by 75-78%. IL-la sequences are less 
more detailed analysis revealed that a protein termed conserved among species (60-70%). The primary 
NFIL-1BA binds upstream to the TATA box, at -49 to translation products of IL-1 and IL-1 are 271 and 269 
—38, suggesting that this nuclear factor may interact with aa long, corresponding to molecular masses of 30 606 
TATA box-binding factors (Fenton, 1990). and 30 749 Da, respectively (Figure 1.4). The IL-la 
propeptide is biologically active, whereas the IL-1B 
precursor is not. Although the sequence contains 
2.5 POST-TRANSCRIPTIONAL glycosylation sites, sugars are not important in the 
REGULATION biological activity of IL-1. IL-la may be glycosylated 
and mannose sites may be important for association to 
The regulation of IL-1 mRNA stability represents a the cell membrane (Brody and Durum, 1989). 
further level of control of IL-1 expression. As mentioned IL-lo and IL-1 lack a signal peptide. IL-l& remains 
above, the IL-1 3° untranslated regions contain multiple mostly in the cytosol and associated with the plasma 
AU-rich regions, which are known to be involved in membrane. The pathway of secretion of mature IL-1f 
transcript decay. LPS-activated THP-I cells transcribe (aa 117-269 of the precursor) is not defined and may be 
IL-la and IL-18 genes at similar rates, but IL-la common with that of other leaderless proteins 
transcripts are much more unstable than those coding for (Rubartelli et al., 1990). 
IL-18 (Turner et al., 1988). The ability of IFN-y to Cleavage of pro-IL-18 to mature IL-1 is mediated by 
increase LPS-induced IL-l production is mediated by ICE; ICE is a cysteine protease representative of a novel 
both enhanced IL-1 transcription and increased mRNA class of proteolytic enzymes (Cerretti et al., 1992; Miura 
stability (Arend et al., 1989). Identical results were etal., 1993; Thornberry et al., 1992; Walker et al., 1994: 
obtained with PMA-induced expression of IL-18 in Wilson et al, 1994). ICE and related molecules are 
fibroblasts (Yamato et al., 1989) and THP-1 cells involved in the regulation of apoptosis (Miura et al., 
(Fenton et al., 1988). Since a transfected mutated H-vas 1993). It remains unclear whether and how regulation of 
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after cleavage by IL-1-converting enzyme (ICE). (b) IL-18 (Priestle et a/., 1988, 1989). 
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Figure 1.4 Amino acid sequence of (a) human IL-1a, (b) 
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biological activity. The two cysteine residues of 1L-1 are 
essential for activity, whereas exposed lysines are not 
critical. Mutation studies indicated that arginine 4, 
leucine 6, threonine 9, arginine 11, histidine 30 and 
aspartic acid 146 are important for biological activity. 
Arginine 120 is also important either in stabilizing the 
tertiary structure or in the interaction with the receptor. 
Substitution of arginine 127 to glycine generates a 
mutein with no biological activity, which binds to IL-1R 
(Yamayoshi et al., 1990). 

Multiple forms of IL-l Ra have been identified (Arend, 
1993; Cartemecr @., 1990;8bisenberg ef al, 1990). 
Soluble IL-1 Ra (sIL-I Ra) is a 152-aa protein (pl = 5.2), 
secreted both in unglycosylated (18kDa) and 
glycosylated (22 kDa) forms. Intracellular IL-1 Ra type I 
(icIL-1Ra I) was cloned in keratinocytes and consists of 
159 aa (Haskill et al., 1991). It lacks a signal sequence 
and remains intracellular. We recently cloned a new 
isoform of icIL-1 Ra, icIL-1 Ra II, which contains extra 
21 amino acids at the N-terminus (Muzio et al., 1995). 


4 Cellular Sources and Production 


Cells of the monocyte-macrophage lineage are the main 
cellular source of IL-1, although most cell types have the 
potential to express this cytokine. In the absence of in 
vitro or im vivo stimulation, the IL-1 genes are not 
expressed. Diverse inducers including bacterial products 
(e.g., LPS), complement components, cytokines (TNF, 
IFN-y, GM-CSF, 1L-1 itself), cause transcription (see 
above), which does not necessarily result in translation. 
For instance, adhesion causes accumulation of IL-l 
mRNA, which requires a triggering stimulus (minute 
amounts of LPS) for translation into protein. 

The synthesis of IL-1 is inhibited by endogenous 
agents, particularly PG and GC. In monocytes or 
monocytic cell lines 2% vztvo, IL-1 production is inhibited 
by the addition of PGE,. This inhibition is also to be 
considered a negative feedback mechanism, since when 
cells are stimulated (with LPS, or phorbol esters) to 
produce 1L-1 they also produce PGE,, which will limit 
IL-1 production (Knudsen et al., 1987; Kunkel et al., 
1986). Accordingly, addition of inhibitors of PG 
upregulates IL-1 production (Knudsen et al., 1987; 
Kunkel et al., 1986). 

More importantly, GC inhibit*the synthesis of IL-1 
(Snyder and Unanue, 1982) both at the transcriptional 
and the translational level (Knudsen et al., 1987), as they 
do the synthesis of most proinflammatory cytokines 
(including TNF, IL-8, 1L-6, 1L-2, MCP-1). Also in this 
case, GC act as endogenous inhibitors of IL-1 
production as demonstrated by the increase in IL-l 
production observed in adrenalectomized animals 
(Perretti et al., 1989) (for a role of endogeneous GC, see 
Section 5.1.3 on the endocrine system). 


Stimuli which induce IL-1 also cause production of 
1L-1Ra, which may counterbalance the action of IL-1. 
IL-1Ra and icIL-lRa I and Il are expressed in 
mononuclear phagocytes and PMN. icIL-1Ra I and II 
are also expressed by fibroblasts and epithelial cells 
(Haskill et al., 1991 and unpublished). By and large, 
signals which induce 1L-1 also cause production of IL- 
1Ra, which may counteract the action of agonist 
molecules. However, expression of IL-1 and IL-1 Ra can 
be dissociated. Immune complexes and glycans 
preferentially trigger production of IL-1Ra versus 1L-1 
(Arend, 1991, 1993; Poutsiaka ¢iaigl9934Regee 7. 
1993; Roux Lombard et al., 1989). Monocytes cultured 
in vitro to resemble mature tissue macrophages, and 
alveolar macrophages, express:IL-1 Ra constitutively with 
stimulation in response to GM-CSF. Finally, IL-4, 1L-13, 
and IL-10 inhibit IL-1 expression but amplify IL-1Ra 
production (Cassatella et al., 1994; Muzio et al., 1994a; 
Re et al., 1993). 


5. Biological Activities 
5.1 SPECTRUM OF ACTION OF IL-1 


IL-1 affects a wide range of cells and organs. Its spectrum 
of action is similar to that of TNF and, to a lesser degree, 
of IL-6 (Dinarello, 1996). Induction of secondary 
cytokines, including IL-6, colony-stimulating factors 
(CSF), and chemokines, is involved in many of the in 
vitro and im vivo activities of IL-l. The vast 
phenomenological literature on the activities of IL-1 is 
concisely summarized here based on target 
organs/tissues and the reader is referred to previous 
reviews for more detailed analysis (Dinarello, 1991, 
1994; Oppenheim and Gery, 1993). 


5.1.1 Hematopoietic Cells 


IL-1 affects the hematopoietic system at various levels, 
from immature precursors to mature myelomonocytic 
and lymphoid elements. “Hemopoietin-1” activity was 
found to be mediated by IL-la (Bagby, 1989). IL-1 
induces production of colony-stimulating factors (CSFs) 
in a variety of cell types, including elements of the bone 
marrow stroma. It acts synergistically with hematopoietic 
growth factors on various stages of hemato- 
poietic differentiation. IL-l is also active as a 
hematopoietic growth factor im vivo: it stimulates 
production of CSFs, accelerates bone marrow recovery 
after cytotoxic chemotherapy or irradiation, and has 
radioprotective activity (Fibbe et al., 1989; Neta et al., 
1988; Oppenheim et al., 1989). 

IL-1 acts on T and B lymphocytes (Dinarello, 1991). 
In particular, it costimulates T cell proliferation in the 
classic costimulator assay (Oppenheim and Gery, 1993). 
The AP-1 transcription complex in the promoter of IL-2 
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represents one molecular target for the costimulatory 
activity of IL-1 (Muegge et al., 1989). The LAF assay has 
been invaluable for the identification of IL-1, but the 
actual role of IL-1 costimulation in T cell physiology has 
not been fully established. Recent data showing that IL- 
1Ra favors the development of T,,l1-type responses may 
suggest a role for IL-1 in the generation of T,,2-type 
responses (Manetti et al., 1994). 

, IL-1 affects mature myelomonocytic elements. It 
induces cytokine production in monocytes, while it is a 
poor inducer in polymorphonuclear leukocytes (PMN) 
(see above). It prolongs the zz vitro survival of PMN by 
blocking apoptosis (Colotta et al., 1992). 


5.1.2 Vascular Cells 


IL-1 profoundly affects the function of vessel wall 
elements, endothelial cells in particular (Bevilacqua et al., 
1984; Dejana et al., 1984; Rossi et al., 1985). IL-l 
activates endothelial cells in a proinflammatory, 
prothrombotic sense (Mantovani et al., 1992). IL-l 
induces production of tissue factor and platelet-activating 
factor, downmodulates the protein C-dependent anti- 
coagulation pathway, and induces production of an 
inhibitor of thrombus dissolution (PAI-1). IL-I induces 
gene expression-dependent production of vasodilatory 
mediators (NO, PGI,), expression of adhesion molecules, 
and production chemokines in cultured endothelial cells. 
The concerted action of changes in rheology, adhesion, and 
chemotactic factors underlies leukocyte recruitment at sites 
of IL-1 production or injection (Mantovani et al., 1992). 


5.1.3 Neuroendocrine System 


Infection and inflammation induce an elevation of blood 
corticosteroids (CS) through an activation of the so- 
called hypothalamic—pituitary—adrenal axis (HPAA) very 
similar to that observed with stress. This is the result of a 
central action whereby IL-1 stimulates the release of 
corticotropin-releasing hormone (CRH) by the 
hypothalamus that will induce adrenocorticotropin 
production by the pituitary, ultimately causing a release 
of CS in the bloodstream by the adrenals (Basedovsky et 
al., 1986; Sapolsky et al., 1987; Woloski et al., 1985). 
This release is inhibited by anti-CRH antibodies. The 
increase in CS resulting from HPAA activation by IL-1 
may have several consequences in view of the wide range 
of immunosuppressive, anti-inflammatory and metabolic 
actions of GC (Fantuzzi and Ghezzi, 1993). We stress 
here that CS are (as previously mentioned in Section 4) 
potent inhibitors of the synthesis of IL-I (and of other 
cytokines). They also prevent the hemodynamic shock 
associated with injection of IL-1, TNF, or LPS, and 
protect against IL-1 or LPS toxicity. Therefore, 
activation of HPAA may be considered a feedback 
mechanism for control of IL-1 production and toxicity. 
The fact that adrenalectomized animals are extremely 
susceptible to IL-l toxicity strongly supports this 
hypothesis (Bertini et al., 1988). 


5.1.4 The Acute-phase Response 


IL-I is a key mediator of the series of host responses to 
infection and inflammation known as acute-phase 
response (reviewed in Dinarello, 1984). One of the early 
acronyms of IL-I before it was named under the current 
system was LEM (leukocytic endogenous mediator). 
This was originally identified as a major mediator of the 
acute-phase response, particularly hypoferremia and 
induction of acute-phase proteins (Kampschmidt et al., 
1980; Kampschmidt and Pulliam, 1978). 

Hypoferremia seems to be mediated by an effect on 
neutrophils, which would be stimulated to release 
lactoferrin to sequester iron in the tissues (Van Snick et 
al., 1974). This could constitute a “nutritional 
immunity” against infection since iron is essential for the 
growth of many bacteria. 

Acute-phase proteins (APP) are proteins whose 
synthesis is increased during inflammation (Kushner, 
1982). They include C-reactive protein, serum amyloids, 
fibrinogen, hemopexin, and various proteinase inhibitors; 
these molecules may have protective, antitoxic, and other 
functions yet to be defined. The synthesis of some of these 
proteins (e.g., serum amyloid A) can be directly induced 
in hepatocytes by IL-I (Ramadori et al., 1985). Others, 
such as fibrinogen, are induced indirectly through IL-6 
(Heinrich eż al., 1990). Therefore, both IL-1 and IL-6 
(like other cytokines) behave like HSFs (hepatocyte- 
stimulating factors, another acronym used to name 
cytokines that stimulate liver APP synthesis). 

The increased synthesis of APP is part of a 
rearrangement of liver metabolism where the synthesis of 
“normal liver proteins” is decreased: one such negative 
acute-phase reactant is albumin, whose gene expression is 
decreased by IL-I (Ramadori et al., 1985). 


5.1.5 Central Nervous System 


IL-1 is the main endogenous pyrogen. In 1943 Menkins 
suggested that leukocytes release a pyrogenic substance, 
“pyrexin”, that was subsequently detected in the 
circulation of febrile rabbits (Atkins and Woods, 1955). 
Human leukocytic pyrogen was purified in 1977 by 
Dinarello and colleagues (Dinarello et al., 1977) and an 
immunoassay for it was developed. It is now clear that the 
main endogenous pyrogen was IL-I, and recombinant 
IL-1 induces fever in experimental animals (Dinarello et 
al., 1986a), an activity shared with other cytokines 
including TNF and IL-6 (although these are much less 
potent than IL-1) (Dinarello et al., 1986b, 1991). The 
pyrogenic action of IL-I is due to the increased 
production of PG. In fact, IL-I fever is abolished by PG 
synthesis inhibitors and IL-I directly stimulate PGE, 
release by hypothalamic tissue (Dinarello et al., 1986b; 
Rettori et al., 1991). 

ln addition to fever, IL-I has other effects on the 
central nervous system. These include induction of slow- 
wave sleep (Krueger et al., 1994) and anorexia 
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(Hellerstein et al., 1989; Uehara et al., 1990), typically 
associated with infections. It also activates the hypo- 
thalamus to produce CRH as described in Section 5.1.3. 


5.1.6 Other Effects 


It is almost impossible to list all the activities of IL-1. 
Since it has been available as a recombinant protein, a 
large number of papers have been published reporting 
the most disparate effects of this cytokine. IL-1 has a 
number of local effects that have been termed 
“catabolic” and play a role in destructive joint and bone 
diseases. In particular, IL-l induces production of 
collagenase by synovial cells (Dayer et al., 1986) and of 
metalloproteinases by chondrocytes (Saklatvala et al., 
1985). 

IL-l also stimulates fibroblast proliferation (Schmidt 
et al., 1989) and collagen synthesis (Postlethwaite et al., 
1983) and thus play a role in fibrosis. It induces a 
profound hypotension (Okusawa et al., 1988), an effect 
which is inhibited by a cyclooxygenase inhibitor and in 
which IL-1 and TNF act synergistically. 

Another important action of IL-1 is its toxicity for 
insulin-producing ß cells in Langerhans islets (Bendtzen 
et al., 1986), supporting a role of IL-1 in the 
pathogenesis of insulin-dependent type I diabetes. 


6. Receptors and Signal Transduction 


The first IL-1R was cloned from murine (Sims et al., 
1988) and then human T cells (Sims et al., 1989). Soon 
after identification and cloning of this T cell IL-1R, 
thereafter named type I R (IL-1R1J), it was evident that a 
second receptor exists for lL-l, expressed \in B 
lymphocytes and myelomonocytic cells, referred to as 
type II (IL-1 RIT) (McMahan et al., 1991) (Figure 1.6). 
Transcripts of human and mouse IL-IRI are 
approximately 5 kb in length. A single open reading 
frame encodes for a protein of 552 amino acids, with a 
molecular mass, when fully glycosylated, of 80-85 kDa. 
The molecular mass of the unglycosylated protein is 62 
kDa. On the basis of their structures, IL-1 RI and IL- 
1RIT have been assigned to the IgG-like superfamily of 
receptors, with the extracellular portion containing three 
IgG-like domains. The extracellular region (319 aa 
long), which contains seven potential sites of N- 
glycosylation, of IL-1RI is followed by a 20 aa long 
transmembrane region, and then by a 213 aa cytoplasmic 
portion. The cytosolic region has no homology with any 
kinase described so far, and the only protein which shows 
some homology is the Drosophila TOLL protein. 
IL-IRII transcripts are approximately 1803 bp long. 
The human transcript encodes for a 386-aa protein of 
68 kDa. Treatment with N-glycosidases reduced the 
molecular mass to 55 kDa. Five potential sites of N- 
glycosylation have been identified. The extracellular 
region of 332 amino acids shares only 28% homology 
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Figure 1.6 IL-1 receptors: a true receptor and a decoy. 


Numbers refer to amino acids’ relative affinity for 
different ligands and predominant expression is shown. 


with the corresponding region of IL-1RI in humans. A 
26-aa transmembrane domain is then followed by a very 
short cytoplasmic domain of 29 residues (McMahan et 
al., 1991). 

As already mentioned, the genes of IL-1Rs are located 
on chromosome 2 (band q12.22) in humans and in the 
centromeric region of chromosome 1 in mice (McMahan 
et al., 1991). The promoter region of IL-IRI has been 
recently described (Ye et al., 1993). 

IL-IRI and IL-1 RII are usually coexpressed. However 
lL-IRI is expressed as the predominant form in 
fibroblasts and T cells. By contrast B cells, monocytes, 
and PMN express preferentially the IL-1 RI (McMahan 
etal, 1991): 

IL-IRI and IL-IRII have different affinities for the 
three ligands of the IL-1 family. Although some 
differences are evident among different studies, IL-1RI 
binds IL-1a with higher affinity than IL-1 (k, = 107° M 
and 10° M, respectively). By contrast, IL-1 RII binds IL- 
18 more avidly than IL-la (k; = 107-107 M and 10° M, 
respectively). IL-1Ra binds to 1L-1RI with an affinity 
similar to that of IL-la, whereas 1L-1 RII binds IL-1 Ra 
100-fold less efficiently than IL-1RI (McMahan et al., 
1991). 

Given the existence of two distinct IL-l1Rs, a number 
of studies have investigated the actual role played by each 
of them in IL-l signaling. As summarized briefly 
hereafter, all available evidence indicates that IL-l- 
induced activities are mediated exclusively via the IL- 
IRI, whereas IL-1RII has no signaling activity and 
inhibits IL-1 activities by acting as a decoy for 1L-1 (for a 
recent review, see Colotta et al., 1994a). 

In a number of different cell types, circumstantial 
evidence has been obtained that different 1L-1] activities 
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are mediated by the IL-1 RI. Human endothelial cells, in 
which IL-1 regulates functions related to inflammation 
and thrombosis, express exclusively IL-1 RI, indicating 
that IL-1RII is at least dispensable for IL-1 signaling 
(Boraschi et al., 1991; Colotta et al., 1993b), 

Blocking monoclonal antibodies directed against IL- 
IRI inhibited IL-l activities in the hepatoma cell line 
HEPG2 (Sims et al., 1993), which expresses almost 
equal amounts of IL-1 RI and IL-1RII. IL-la-induced 
costimulatory activity in CD4* murine T cell clones, 
which express both receptors, was mediated solely by IL- 
IRI (McKean et al., 1993). 

IL-I RI appears to be the only signaling receptor also 
in cell types expressing predominantly the IL-1 RII and 
only minute amounts of IL-IRI. Blocking monoclonal 
antibodies against IL-1 RI totally blocked IL-1-induced 
expression of cytokines and adhesion molecules in the 
human monocytic cell line THP-1, human circulating 
monocytes, and PMN (Sims et al., 1993; Colotta et al., 
1993a). Also IL-1-induced survival of PMN was blocked 
by anti-type I blocking antibodies (Colotta et al., 1993a). 

Whereas the signaling activity of IL-1RI is well 
established, unequivocal evidence supporting a signaling 
function of IL-1 RII is still lacking. Blocking monoclonal 
antibodies against IL-1 RII did not inhibit the biological 
activities of IL-l in a number of different cell types, 
including lymphocytes, monocytes, PMN, and hepatoma 
cells (Sims ¢ al, 1993; Colotta et al, 1993a). In 
monocytes, anti-type I antibodies blocked IL-I activities, 
whereas anti-type II antibodies did not block, but rather 
augmented, the responsiveness of cells to IL-l, 
consistent with a model in which the IL-IRII is an 
inhibitor of IL-1 (see below) (Sims et al., 1993; Colotta 
Pa 9934). 

In addition to lacking any signaling function, the IL- 
1RII is shed in a soluble (sIL-1 RII) form. s[L-1 RII was 
found in the supernatants of the B lymphoblastoid cell 
line Raji and of mitogen-activated mononuclear cells 
(reviewed in Colotta et al, 1994a). IL-IRII is also 
released by cytokine- and dexamethasone-treated PMN 
and monocytes (Colotta et æl., 1993a, 1994b; Re et al., 
1994). sIL-1RII is shed rapidly, within minutes after 
treatment of PMN and monocytes with chemotactic 
stimuli and oxygen radicals, indicating that release of this 
receptor represents an aspect of the complex 
reprogramming of myelomonocytic cells in response to 
these mediators (Colotta et al., 1995, 1996). 

The findings that the IL-1RII has no signaling 
function and that it is shed in a soluble form suggested 
that this molecule could act as an inhibitor of IL-1. We 
examined this hypothesis in human PMN, in which we 
found that IL-l is a potent inducer of PMN survival in 
culture (Colotta et al., 1992). Since IL-4 inhibited IL-1- 
mediated survival, and IL-4 upregulated IL-IRII 
expression and release in these cells (Colotta et al, 
1993a), we reasoned that the inhibitory activity of IL-4 
on IL-1 activity could be mediated by an upregulation of 


IL-1RIU. The inhibitory activity of IL-4 was totally 
abrogated by the presence of blocking antibodies 
directed against IL-1 RII, thus demonstrating that IL- 
1RII inhibits IL-I activity (Colotta et al., 1993a). We 
proposed that the mechanism of inhibition is to act as a 
decoy target for IL-1, consisting in IL-1] RII binding IL- 
l without any signaling function, thus sequestering it and 
preventing the cytokine from binding to the IL-1 RI, the 
only IL-1R with a cell signaling function. 

Consistently with the decoy model of action of the IL- 
IRII, blocking antibodies to IL-1RII augmented the 
activity of suboptimal concentrations of IL-1 on IL-l- 
induced expression of cytokines and adhesion molecules 
in human circulating monocytes (Sims et al, 1993; 
Colotta et al., 1993a). 

To validate the decoy model of action of IL-1 RII, we 
overexpressed this receptor in type I-expressing human 
fibroblasts. As expected, IL-I activity was reduced in 
fibroblasts expressing high levels of IL-1RII. The 
inhibitory effect of transfected type II receptors was 
evident at suboptimal concentrations of IL-1, whereas 
saturating amounts of IL-l overcame the IL-1RII- 
mediated inhibition of IL-1 activity (Re et al., 1996). 

The finding that GC and T,,2-derived cytokines (IL-4 
and IL-13) upregulate IL-IRIJI expression and release 
(Colotta et al., 1993a, 1994b; Re et al., 1994; Shieh et 
al., 1993) is in keeping with the concept that the IL- 
IRII may represent a physiological pathway of inhibition 
of IL-1. Induction of expression and release of the IL- 
1RII may contribute to the anti-inflammatory properties 
of ‘T,,2-derived cytokines and GC. 


7. Transduction Pathways 


The mechanism of transduction of the IL-1 signal is a 
highly controversial and confused area (Mizel, 1990; 
O’Neill et al., 1990). In certain cellular systems, but not 
in others, elevations of cAMP have been reported after 
exposure to IL-1. Among lipid mediators, diacylglycerol 
(DAG) was found increased in the absence of 
phosphoinositide hydrolysis (Rosoff et al., 1988). The 
source of DAG was phosphatidylcholine or 
phosphatidylethanolamine in different cell types (Rossi, 
1993). Recently, in analogy with TNF, ceramide 
originating from hydrolysis of sphingomyelin was 
involved in IL-l signaling (Mathias et al., 1993). 
However, cells from patients with Nieman-Pick disease, 
who have a profound deficiency of acid 
sphyngomyelinase, have full responsiveness to IL-1 and 
TNE (Kuno et al., 1994). 

IL-1 causes rapid Ser/Thr phosphorylation of diverse 
proteins, including cytoskeletal components, a 
membrane receptor and HSP 27 (Bird and Saklatvala, 
1990; Guesdon and Saklatvala, 1991; Stylianou et al., 
1992). Tyr phosphorylation has been detected after 
exposure to 1L-1] (Rosoff et al., 1988). It was recently 
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found that IL-l activates a novel cascade of protein 
kinases which eventually results in the phosphorylation of 
HSP 27 (Freshney et al., 1994). 


8. Mouse IL-1 


The murine IL-1a (Lomedico et al., 1984) cDNA was 
identified and sequenced in 1984. Other sequences for 
mouse (Gray et al., 1986), rat, and other species were 
then identified. As in humans, mouse IL-la mRNA is 
2000-2200 nucleotides long. Murine IL-la cDNA 
codes for a protein 62% homologous to the human 
counterpart. The amino acid sequences of human and 
murine IL-1B are 67% homologous. 

The murine IL-l genes are also located on 
chromosome 2 (D’Eustachio et al., 1987; Telford et al.. 
1986), and, as in humans, the mouse IL-1 gene is 7 kb 
long (Telford et al., 1986) and its first intron contains a 
highly conserved homopurine tract. An unusual 
restriction fragment length polymorphism has been 
identified within the sixth intron of the mouse IL-loe 
gene (Haugen ef al, 1989), generating at least six 
different alleles. 


9, IL-1 Receptor Antagonist (IL-1Ra) 


The molecule now termed IL-1 Ra was discovered as a 22 
to 25 kDa inhibitory activity against IL-] in supernatants 
from stimulated human monocytes (see Arend, 1993, for 
a recent review). The cDNA for this molecule was cloned 
from a library obtained from IgG-treated monocytes 
(Eisenberg et al., 1990) and from the myelomonocytic 
cell line U937 (Carter et al., 1990). The cDNA contains 
a single open reading frame coding for a 177-aa protein, 
preceeded by a short 15 bp 5’ untranslated region and 
followed by a long 1133 bp 3’ untranslated region that 
does not contain any AUUUA motif involved in mRNA 
stability. The total length of IL-]1Ra cDNA is 1.8 kb. 
Structural analysis of 1L-1Ra sequence revealed the 
presence of a 25-aa hydrophobic stretch at the N- 
terminus resembling a signal peptide. Removal of this 
leader peptide generates a 152-aa mature protein, with a 
predicted molecular mass of 17775 Da. The protein 
sequence contains a potential site of N-glycosylation. 

A structural variant of IL-1] Ra*has been cloned from 
adherent human monocytes (Haskill et al., 1991). This 
new cDNA is identical to the sequence described earlier 
(see above) except at 5’ end, in which the first 85 base 
pairs are substituted by a new sequence of 130 bp. This 
variant (hereafter referred to as intracellular IL-lRa 
(icIL-1 Ra) as opposed to soluble IL-1Ra (sIL-[Ra)) is 
generated by an alternative splicing event, in which a new 
first exon is spliced into an internal acceptor site located 
in the first exon of sIL-1Ra. As a consequence, icIL-lRa 


is composed of 159 amino acids, of which 152 are 
identical to sIL-1] Ra, lacking the signal peptide found in 
sIL-l1Ra. Thus this new form of IL-1Ra_ remains 
intracellular. Although icIL-1Ra is also referred to as 
“keratinocyte or epithelial type IL-1]Ra”, it is now 
evident that cells of different origin can also express icIL- 
1Ra, including monocytes (Muzio et al, 1994a), 
polymorphonuclear (PMN) cells (Muzio et al., 1994a,b), 
and fibroblasts (Krzesicki et al., 1993). A substantial 
proportion of total IL-1Ra produced by monocytes and 
PMN remains cell-associated, even after stimulation 
(Muzio et al., 1994a,b). The biological function played 
by the cell-associated fraction of IL-1 Ra remains largely 
obscure. ! 3 

The gene for IL-lRa (Figure 1.3) has been localized 
to the long arm of chromosome 2, in the same region as 
IL-lo and IL-18 (Lennard et al., 1992; Steinkasserer et 
al., 1992). In humans this chromosomal region also 
contains IL-]1RI and IL-1RII genes, whereas in mice 
1L-1R genes are localized in chromosome 1. 

The IL-1] Ra gene contains two alternative first exons 
followed by three exons. Compared to IL-1 sequences, 
the first alternative exons appear unique as the N- 
terminal region of IL-I Ra proteins have little homology 
with the corresponding regions of IL-1a and IL-1. The 
gene is 6.4 kb long, and the first icIL-1 Ra-specific exon is 
a further 9.6 kb upstream. Thus, the s[L-1 Ra promoter is 
within the first intron of icIL-] Ra. This promoter (Smith 
et al., 1992b) contains a TATAA box and sequences for 
binding of transcriptional factors, including NF«B, 
NFIL-IbA, AP-1, and CRE. In transfection experiments, 
sIL-1Ra promoter was active only in cell types which 
naturally can be induced to express IL-]Ra (Arend, 
1993). The putative promoter region of iclL-Ra (Arend, 
1993) apparently lacks any TATAA or CAAT motif, and 
thus could utilize alternative mechanisms to start 
transcription. 

The genomic structure of 1L-IRa is probably more 
complex than detailed above, as a new exon has been 
localized between the exons coding for soluble and 
intracellular forms of IL-]Ra. Usage of this new exon 
generates a new isoform of icIL-1Ra that we propose to 
term icIL-]Ra type II (icIL-1Rall). By RT-PCR we 
found that icIL-1 Rall is exposed in keratinocytes and, at 
lower levels, in monocytes and PMN (Muzio M. et al, in 
preparation). 

IL-1Ra is produced by different cell types, including 
monocyte-macrophages, PMN cells, and fibroblasts 
(reviewed in Arend, 1993). Keratinocytes and other cells 
of epithelial origin produce almost exclusively icIL-1Ra 
(Haskill et al., 1991). 

Adherent human monocytes stimulated with LPS 
produce near equivalent amounts of IL-1 and IL-1Ra. 
By contrast, IgG-induced monocytes produce little, if 
any, IL-I, whereas transcription and translation of IL- 
1Ra is sustained. IL-1 Ra transcripts induced by LPS have 
the same half-life as IL-1B (4,,. = 2—4 h), whereas those 
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induced by adherent lgG have extraordinarily high 
stability (4. > 15 h) (Arend et al., 1991). 

Among cytokines, GM-CSF augments IL-lRa 
production in monocytes (Shields et al., 1990). 1L-lo 
and IL-1 are weak inducers of 1L-1Ra in monocytes, 
whereas IL-18 enhances the induction by lgG (Vannier 
et al., 1992). IL-4, while inhibiting IL-1 expression and 
production (see above), induces 1L-1Ra in monocytes 
and PMN (Fenton et al., 1992; Re et al., 1993; Vannier 
et al., 1992). In the same vein, IL-10 enhances LPS- 
induced expression of IL-1 Ra in both monocytes (Arend, 
1993) and PMN (Cassatella et al., 1994). Also IL-13 has 
been found to induce 1L-1Ra in human myelomonocytic 
cells (Muzio et al., 1994a). IL-13 was found to induce 
both ic- and sIL-1Ra transcripts (Muzio et al., 1994a). 
We found that TGF-B induces both s- and iclL-1Ra 
transcripts in human polymorphonuclear cells (Muzio et 
al., 1994b). 

Levels of lL-lRa produced by cells of the 
mononuclear phagocyte lineage depend upon the 
differentiation state. Differentiation sn vitro of 
monocytes into macrophages augments levels of 1L-1 Ra 
production, which in macrophages appears to be 
constitutive whereas monocytes require an appropriate 
activation. IL-1 Ra production in macrophages is further 
augmented by GM-CSF but not by LPS and IgG which, 
as mentioned above, are good inducers of IL-lRa in 
monocytes (Janson et al., 1991). 

Transcripts for ic- and sIL-1Ra are differentially 
regulated. Although both transcripts are induced in 
myelomonocytic cells by IL-13 (Muzio et al., 1994a) and 
TGF-B (Muzio et al., 1994b), in human fibroblasts LPS 
preferentially induced sIL-1Ra, whereas PMA induced 
iclL-1 Ra transcripts (Krzesicki et al., 1993). 


10. Clinical Implications 


IL-1 is central mediator of local and systemic 
inflammatory reactions. Blood IL-1 levels reach relatively 
modest levels in response to septic conditions, but 1L- 
1Ra increases to levels orders of magnitude higher 
(Dinarello, 1994). This may represent a feedback control 
mechanism. Most of the interest of IL-I is in its 
pathogenetic role in septic shock syndrome and 
rheumatoid arthritis. However, iv vitro studies, animal 
models, and results of studies reporting levels of 1L-1 in 
human diseases have indicated other pathologies where 
blockade of IL-1 might be beneficial. These include 
vasculitis, disseminated intravascular coagulation, 
osteoporosis, neurodegenerative disorders such as 
Alzheimer disease, diabetes, lupus nephritis, immune 
complex glomerulonephritis and autoimmune diseases in 
general (Dinarello, 1991). Inhibition of 1L-1 by IL-1Ra, 
anti-IL-1, or anti-IL-1R antibodies are protective in 
various animal models including endotoxin-induced 


hemodynamic shock and lethality, arthritis, inflammatory 
bowel disease, spontaneous diabetes in BB rats, graft- 
versus-host disease in mice, heart allograft rejection, and 
experimental autoimmune encephalomyelitis. 

Since TNF is produced concomitantly and 1L-1 
synergizes with TNF (but not with IL-6) in many 
systems, it is likely that these two cytokines act in concert 
in the pathogenesis of these disorders. 

IL-1 is an autocrine /paracrine growth factor for acute 
and chronic myeloid leukemia cells (Rambaldi et æl., 
1991), plasmacytoma (via IL-6; Klein et al., 1995), and 
possibly some solid tumors such as ovarian carcinoma 
(Mantovani, 1994). Interestingly AML blasts usually 
express IL-1B, but not IL-1Ra. Blockage of IL-1 using 
IL-l Ra inhibits AML proliferation in vitro (Rambaldi et 
al lor le 

The exploration of the therapeutic potential of IL-1 
has provided an opportunity to examine the zm vivo 
activity of systemic IL-l administration in humans. 
Phase I trials have been conducted with IL-la and 
1L-1B in studies ultimately aimed at exploiting the 
hematopoietic /radioprotective action of these molecules 
(Smith et al., 1992a; Tewari et al., 1990). By and large, 
results obtained confirm data from animal experi- 
mentation. Systemic (intravenous) IL-1 (1-10 ng/ml) 
causes fever, sleepiness, anorexia, myalgia, arthralgia, and 
headache. At doses of 100 ng/ml or higher, a rapid fall in 
blood pressure occurs. 

Therapeutic strategies aimed at blocking IL-l have 
received considerable attention in experimental models 
and in humans (Dinarello, 1994; Fisher et al., 1994a,b; 
Pribble et al., 1994). To date, IL-1Ra and engineered 
soluble Type 1 receptor have been tested in the clinic. 
While initial results with IL-1Ra in septic shock 
syndrome encouraged optimism, subsequent phase III 
study failed to substantiate the phase 11 data (Pnbble et 
al., 1994). A posteriori, 1L-1Ra may have been beneficial 
in patients with more serious disease and organ failure 
(Fisher et al., 1994a). Initial results with 1L-1 Ra in graft- 
versus-host disease are encouraging (Antin et al., 1994). 

Another possible site for pharmacological action could 
be the processing of 1L-18 by ICE. Inhibitors of 1L-18 
secretion acting by inhibiting LCE are under study, on 
the basis that IL-1B8 is quantitatively more important 
than 1L-la. Unfortunately, to date only peptides have 
been identified, with all the limitation of this type of 
molecule, particularly the very low bioavailability. 
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l. Introduction 


Interleukin-2 was originally described as “T cell growth 
factor” present in lymphocyte conditioned medium 
which was able to maintain the growth of cytotoxic T 
cells for relatively long periods (Morgan et al., 1976). 
Subsequent studies using rDNA-derived IL-2 have 
revealed that the cytokine is a potent growth and 
differentiation factor for T cells as well as stimulating 
natural killer (NK) cells, and lymphocyte-activated killer 
(LAK) cells. IL-2 also shows strong B cell growth factor 
activity and can stimulate monocytic lineage cells. As 
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with many cytokines, some of the activities of IL-2 are in 
part shared with other molecules, e.g., IL-4, IL-7, and 
IL-15. 

Interleukin-2 has been the subject of a very large 
literature, and is often described in early reports by a 
variety of alternative names, such as blastogenic factor, 
costimulator activity, or thymocyte differentiation factor. 
In some cases such activities relate to the use of crude 
preparations which probably contain cytokines and other 
biologically active molecules as well as IL-2, and so the 
precise “factor” responsible for the action described is 
not always clear. 
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2. The IL-2 Gene 


The human IL-2 gene is present as a single copy on 
chromosome 4q26-28. 


2.1 GENOMIC ORGANIZATION 


The complete sequence and structure of the human IL-2 
gene were derived using cloned DNA from peripheral 
blood lymphocytes (Fujita eż al., 1983) or cDNA from the 
Jurkat T cell line (Holbrook et al., 1984). A Jurkat-derived 
clone has been expressed in monkey cells (Taniguchi et al., 
1983). The gene contains three introns, two of which are 
large (see Figures 2.1 and 2.2). The first exon contains the 


k*k & & 


5’ untranslated region of 47 bp and the fourth exon 
contains the 3’ untranslated region of 279 bp. The gene 
spans 5737 bp. The promoter region contains a “TATA” 
sequence 75 bp upstream from the translation unit site and 
also contains a palindromic sequence. There are sequences 
in the promoter which show some homology to the y- 
interferon gene, and the second intron contains a motif 
which closely resembles the core sequence for the viral 
enhancer elements (Fujita et al., 1983). 


2.2 REGULATION OF GENE EXPRESSION 


Stimulation of T cells via the antigen receptor (either 
directly with antigen or indirectly using plant lectins like 


384 TTCCAGAATTAACAGTATAAATTGCATCTECTTGTTCAAGAGTTCCCT430 


431 atcactctctttaatcactactcacagtaacctcaactcctgccacaATGTACAGG 
ATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACAA 
ACAGTGCACCTACTTCAAGTTCTACAAAGAAAACACAGCTACAACT 
GGAGCATTTACTGCTGGATTTACAGATGATTTTGAATGGAATTAAT 624 


Exon 1 


715 AATTACAAGAATCCCAAACTCACCAGGATGCTCACATTTAAGTTTT 


ACATGCCCAAGAAG 


774 Exon 2 


3068 GCCACAGAACTGAAACATCTTCAGTGTCTAGAAGAAGAACTCAAA 
CCTCTGGAGGAAGTGCTAAATTTAGCTCAAAGCAAAAACTTTCACT 
TAAGACCCAGGGACTTAATCAGCAATATCAACGTAATAGTTCTGGA Exon 3 


ACTAAAG 


3211 


5057 GGATCTGAAACAACATTCATGTGTGAATATGCTGATGAGACAGCAA 
CCATTGTAGAATTTCTGAACAGATGGATTACCTTTTGTCAAAGCATC 
ATCTCAACACTGACTtgataattaagtgcttcccacttaaaacatatcaggcct 
tctatttatttaaatatttaaattttatatttattgttgaatgtatggtttgctacctattgt 


Exon4 


aactattattcttaatcttaaaactataaatatggatcttttatgattctttttgtgcecct 


aggggctctaaaatggtttcacttatttatcccaaaatatttattattatgttgaatgtt 


aaatatagtgctatgtagattggttagtaaaactatttaataaatttgataaatataaa 5446 
seek tk 


* 


Figure 2.1 The sequence of the IL-2 gene. The four exons of the IL-2 gene are indicated. The TATA box and the 
AATAAA sequence are marked with asterisks. The underlined GCA is the coding sequence for the first amino acid 
residue of the mature protein. The lower-case bases in exons 1 and 4 are nontranslated regions. 
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Figure 2.2 Organization of the IL-2 gene. The four exons are shown, with the positions of regulatory sequences 
indicated. The shaded portions in exons 1 and 4 show the untranslated regions. 


concanavalin A (Con A) or phytohaemagglutinin (PHA)) 
results in production and secretion of IL-2. Expression is 
controlled by an enhancer element upstream of the 5’ 
end of the TATA box (between bp —319 and —-52). This 
includes binding sités for NFAT-1, NF«B, AP-1, and 
Oct-1/NF-IL-2-A proteins. Evidence suggests that all 
the binding sites for the above proteins must be occupied 
if efficient activation of the gene is to follow. This may 
explain the requirement for a dual stimulus for maximal 
IL-2 secretion, i.e., signaling via the antigen receptor and 
activation of protein kinase C (often achieved im vitro 
with phorbol esters like phorbol myristate acetate) — the 
latter is associated with full activation of production of 
AP-1] and NF«B proteins (Crabtree, 1989; Hoyos et al., 
1989; McGuire and Iacobelli, 1997; Muegge and 
Durum 1989; Ullman et al., 1990). 1L-2 gene expression 
is also regulated by stabilization of 1L-2 mRNA mediated 
by motifs in the 3’ untranslated region of the message; 
UA-rich regions are associated with instability and 
negative translational control (Shaw and Kamen, 1986; 
Kruys et al., 1989). A negative response element which 
suppresses 1L-2 production has been identified in the 
1L-2 gene promoter/enhancer region. A labile repressor 
which acts to reduce processing of IL-2 mRNA 
precursors has also been described (Kaempfer et al., 
19877: 


3. The IL-2 Protein 


The mature human 1L-2 protein consists of 133 amino 
acids (see Figure 2.3) (Robb et æl., 1984). The gene 
sequence suggests that it is synthesized as a precursor 
containing 153 amino acids and that the 20-residue 
hydrophobic leader sequence (signal peptide) is cleaved 
to produce the mature protein prior to or during 
secretion (Clark et al., 1984; Smith et al., 1983; Stern et 
al., 1984). 
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The molecule contains a single N-linked glycosylation 
site at position 3 and differences in glycosylation cause 
size and charge heterogeneity in both “natural” and cell 
line-derived 1L-2 (Robb, 1984; Robb and Smith, 1981). 
Glycosylation is not necessary for biological activity, but 
is necessary for the binding of at least one monoclonal 
antibody. Several rDNA-derived 1L-2 preparations have 
been produced; nonglycosylated material prepared using 
prokaryotic organisms is both stable and fully biologically 
active. 

The natural molecule contains three cysteine residues 
at positions 58, 105, and 125, two of which (58 and 105) 
form a disulfide bridge that is essential for the biological 
activity of the molecule (Wang et al., 1984). The cysteine 
at position 125 can form intermolecular disulfide 
bridges, leading to the production of dimers and higher 
aggregates. Molecules folded with an internal disulfide 
bridge involving the cysteine at position 125 (L.e., 
between residues 58-125 and 105-125) show minimal, 
if any, biological activity. Although these do not seem to 
occur in “natural” 1L-2 preparations, they can be present 
or even predominate in rDNA-derived products. 
Refolding of rDNA IL-2 to produce bioactive cytokine is 
a critical step in production of such preparations; 
controlling the conditions so that the “correct” disulfide 
bridge is produced has been found problematical. For 
this reason many rDNA preparations (especially those 
produced using prokaryotic systems) are produced as 
muteins with the cysteihe at position 125 replaced by 
another amino acid, e.g., serine or alanine (Liang et al., 
1986; Wang et al., 1984). Such muteins show similar 
biological activity to the native molecule. Genetically 
engineered IL-2 preparations produced using bacterial 
systems may contain an additional methionine residue at 
the amino terminus which does not seem to influence 
biological activity. 

Natural IL-2 occurs as a group of glycoproteins with 
apparent M, values between 13000 and 17500 (as 
defined by SDS-PAGE) and pl values between 6.6 and 
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Figure 2.3 The primary and secondary structure of the IL-2 protein. The cysteine residues are indicated by solid 
circles and the glycosylation site by a bold circle. 
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8.2 (Robb and Smith, 1981). It is a hydrophobic 
molecule which is stable to moderate heat and stable at 
low pH (Robb et al., 1983). 

Crystallography has shown IL-2 to consist of six œQ- 
helical domains (A-F) with no apparent B structural 
regions. An antiparallel helical bundle is formed from 
helices C E. Helices A and B are joined through a bent 
loop to the rest of the molecule (see Figure 2.4) 
(Brandhuber et al., 1987; Mott et al, 1995). An 
alternative structure has also been proposed (Bazan, 
1992). A region of the N-terminus of the A helix has 
been proposed as a binding site for the B (p70) chain of 
the IL-2 receptor (Collins et al., 1988) and part of the 
loop connecting the A and B helices is involved in 
binding the & (p55) receptor chain (Grant eż al., 1992; 
Sauve et al., 1991). The binding site for the y chain of the 
receptor possibly involves the C terminal of helix D. 


4 Cellular Sources and Production 


IL-2 appears to be produced exclusively by T 
lymphocytes and both CD4* and CD8* T cells can 
secrete the cytokine. Tul and T,,2 subpopulations of 
helper T cells can produce IL-2, although T,,1 cells may 
produce higher levels than T,,2 cells (this is not yet clear, 
especially for human cells). Some T cell clones, lines and 





Figure 2.4 The three-dimensional structure of the IL-2 
protein. Generated using the INSIGHT II graphic 
modeling program (Biosym Technology, San Diego, 
USA). Residues 98-104 are not included. 


hybridomas can also produce IL-2. Relatively few 
continuously growing lymphoblastoid T cell lines can 
produce significant levels of 1L-2. 

T cells require stimulation with antigen or mitogenic 
lectins (like PHA or Con A) if they are to secrete 
detectable IL-2. This involves activation via the T cell 
receptor. A second signal such as that mediated by 1L-1 
or phorbol esters is also required if significant production 
of 1L-2 1s to be achieved (see Section 2.2 above). T cell 
clones, lines, and hybridomas normally also need some 
stimulus if they are to produce the cytokine. 

Requirements for stimulation of lymphoblastoid T cell 
lines for production of IL-2 vary. Some clones of the 
Jurkat human T cell line will secrete relatively substantial 
amounts of IL-2 following stimulation with PHA alone, 
although this can be dramatically increased by addition of 
phorbol myristate acetate (PMA). The mouse EL-4 
thymoma line produces maximal amounts of 1L-2 
following stimulation with PMA alone, and the gibbon 
line MLA144 constitutively secretes appreciable 
quantities of IL-2. 

The time course of IL-2 production by T cell 
preparations, lines, clones, hybridomas, and lympho- 
blastoid lines may vary. Most “normal” human activated 
T cells produce optimal IL-2 preparations at 40-48 h 
following activation with PHA or PHA/PMA. The 
Jurkat human lymphoblastoid line produces potent 1L-2 
preparations 18h after stimulation with PHA or 
PHA? PMA: 

IL-2 from most other species studied seem similar to 
the human molecule, but the mouse protein contains an 
unusual insertion comprising 12 repeat glutamine 
residues which are not found in IL-2 from other species 
(Yokota et al., 1985). The mouse molecule occurs mainly 
as a dimer, whereas the human protein is largely 
monomeric. 


5. Biological Activity 


The most significant effects of IL-2 are exerted on 
leukocytes, although less pronounced action on other 
cell types has been reported. As with many cytokines, IL- 
2-stimulated cells can secrete other cytokines or other 
biologically active substances which can mediate 
“secondary” effects. 


5.1 EFFECTS ON T LYMPHOCYTES 


lL-2 stimulates dramatic proliferation of activated 
(antigen or lectin) T lymphocytes. It acts on all 
subpopulations of T cells and promotes progression 
through the G, phase of the cell cycle, resulting in 
growth of cells and increase in cell numbers (Smith, 
1980). lt can also cause proliferation of “resting” T cells, 
but as these cells do not express significant amounts of 
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the IL-2R æ chain, this requires a much higher amount 
of IL-2 than is required for activated cells (see Section 6 
below); the effect of “physiological” amounts of 1L-2 on 
nonactivated lymphocytes is questionable. 

IL-2 also stimulates cytolytic activity of subsets of T 
lymphocytes, enhances T cell motility, and induces 
secretion of other cytokines such as 1FN-y, 1L-4, and 
TNF. lt is, therefore, a T cell differentiation factor 
(Farrar et al., 1982; Howard et al., 1983). 

Proliferative effects of IL-2 on thymocytes have been 
demonstrated (Zuniga Pflucker et al., 1990) and the 
cytokine may play a role in thymic development (Carding 
et al., 1989; Tentori et al., 1988). This is supported by 
studies involving neutralizing antibodies specific for IL-2 
(Jenkinson et al., 1987), but perhaps questioned by 
knockout mouse studies (Schorle et al., 1991). lt seems 
most likely that the zz vivo role of IL-2 in development of 
thymic function is complex and involves the presence of 
and interaction with many other cytokines and biological 
substances. 

The effects of the cytokine generally enhance and 
potentiate immune responses. Activated T cells show 
increased responses to 1L-2 if 1L-4 is also present, but 
nonactivated T cells seem refractory to this (Martinez et 
al., 1990; Mitchell et al., 1989). In vitro, 1L-2 is capable 
of maintenance of relatively long-term growth of 
activated T cell lines and clones (Morgan et al., 1976; 
Schreier and Tees, 1981). 


5.2 EFFECTS ON B LYMPHOCYTES 


IL-2 stimulates the proliferation of activated (antigen or 
anti-IgM) B lymphocytes (Gearing et al., 1985; [sudo et 
al., 1984). lt also promotes the induction of 
immunoglobulin secretion (Ralph et al., 1984) and J 
chain synthesis (Blackman et al., 1986) by B cells. As 
with T cells, IL-2 acts to enhance immune effects 
mediated by activated B cells (Mingari et al., 1984). 


5.3 EFFECTS ON LARGE GRANULAR 
LYMPHOCYTES 


IL-2 causes the proliferation of large granular 
lymphocytes. It enhances natural killer (NK) cell activity 
and induces the so-called “lymphokine activated killer” 
(LAK) cell activity (see Section 9) which seem at least 
partly to be mediated by large granular lymphocytes. IL- 
2 stimulates the cytolytic activity of these cell types and 
induces their secretion of other cytokines including 1FN- 
y (Ortaldo et al., 1984; Trinchieri et al., 1984). 


5.4 EFFECTS ON MONOCYTIC CELLS 


1L-2 promotes the cytolytic activity of blood monocytes 
and some reports suggest that it promotes proliferation 
and differentiation of these cells (Baccarini et al., 1989). 


The cytokine enhances macrophage antibody-dependent 
tumoricidal activity (Ralph et al., 1988). Other cells of 
monocytic lineage, e.g., oligodendrocytes, show 
enhanced growth and proliferation in response to 1L-2 
(Benveniste and Merrill, 1986; Saneto et al., 1986). 


5.5 EFFECTS ON OTHER CELL TYPES 


Effects of IL-2 on nonhemopoietic cells are not entirely 
clear, although IL-2 receptors have been detected on a 
variety of cell types including fibroblasts (Plaisance et al., 
1992), squamous cell carcinoma lines (Weidmann et al., 
1992), and. rat epithelial cells (Cicim al. ao | 
Reported evidence suggests that 1L-2 can enhance the 
proliferation of at least some of these cell types. 


6. The IL-2 Receptor 


The IL-2 receptor consists of three chains (known as a, B 
and y) which interact with each other and 1L-2 to 
effectively signal IL-2-mediated events to the cell 
(Minami et al., 1993). It has been suggested that there 
may be other “receptor” or at least receptor-associated 
chains present at least on some cell types, but this is still 
controversial. 


6.1 STRUCTURE OF THE IL-2 
RECEPTOR CHAINS 


6.1.1 The œ Chain 


The œ chain of the IL-2R is an approximately 55 kDa 
glycoprotein originally described as occurring on 
activated T cells as p55 or the Tac antigen (Leonard et 
al., 1985a). It has subsequently been classified as the 
CD25 surface marker. The mature protein (see Figure 
2.5) consists of 251 amino acids (aa) most of which 
make up the extracellular portion of the receptor chain. 
There is a 19 aa membrane spanning region and a very 
short (13-aa) intracellular “tal”. The protein is 
synthesized as a 272-aa precursor which contains a 21-aa 
signal peptide which is cleaved to yield the mature 
functional form. The molecule contains five internal 
disulfide bonds which seem essential for function. Amino 
acid residues 1-6 and 35-43 appear critical for binding 
to IL-2. 

The 1L-2R œ chain is encoded by a single gene on 
chromosome 10p14-15 (Leonard et al., 1985b). lt is not 
a member of the cytokine receptor superfamily, but has 
regions with some homology with complement protein 
Ba fragment. A soluble form of the 1L-2R œ chain 
(sCD25) which is able to bind 1L-2 can be generated by 
proteolysis and released from the cell surface (Robb and 
Kutny, 1987; Rubin et al., 1985). 
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6.1.2 The B Chain 


ites chain ot the IL-2R°(p70" or p75, COD as a 
70-75 kDa glycoprotein coded by a single gene on 
chromosome 22qI1.2-12 (Robb and Kutny, 1987). The 
protein consists of 525 amino acids (see Figure 2.4) of 
which 214 comprise the extracellular portion and 286 
make up the intracellular domain; there is a 25-aa 
transmembrane portion between these two regions 
(Hatakeyama et al., 1989). The protein is synthesized as 
a 55]-aa precursor. 

The extracellular part of the molecule shows it to a 
member of the cytokine receptor superfamily (Cosman et 
al., 1990), with the four characteristic conserved cysteine 
residues and WSXWS motif (see Figure 2.5). The large 
intracellular domain contains a relatively large number 
(42) of proline residues and also a serine-rich region, 
which are like regions linked with signal transduction 
function in other receptors (Hatakeyama et al., 1989). It 
also possesses an acidic region in the center of the domain 
(residues 345-390) containing high numbers of glutamic 
and aspartic acid residues. This latter structure is 
associated with interaction with members of the svc family 
of tyrosine kinases. However, no intrinsic kinase activity is 
predicted from the sequence of the intracellular domain. 


219aa 214aa 





6.1.3 The y Chain 


The y chain of the IL-2R is a 64 kDA glycoprotein (p64; 
CD132) containing 347 amino acids (see Figure 2.5). It 
comprises a 232-aa extracellular domain, a 29-aa 
transmembrane region and a 64-aa intracellular portion 
(Takeshita et al., 1992). lt is encoded by a single gene on 
chromosome Xql3 (Noguchi et al, 1993) and is 
synthesized as a 369-aa precursor. 

The extracellular domain contains the WSXWS element 
and the four conserved cysteine residues confirming the 
molecule as a member of the cytokine receptor superfamily. 
lt also has a leucine zipper motif (see Figure 2.5). The 
cytoplasmic domain shows no apparent kinase-like 
sequences but does contain a region like the svc homology 
domain (SH2). The y chain of the IL-2R is alsq a com- 
ponent of the IL-4, IL-7, and IL-I5 receptors, and may be 
part of the receptors for 1L-9 and IL-13. 1t is thus some- 
times known as the cytokine receptor common ychain (y.). 


6.2 IL-2-IL-2 RECEPTOR BINDING 


The a chain of the IL-2R binds IL-2 with relatively low 
affinity (2, ~ I0% M) and the isolated B chains show even 
lower affinity for the cytokine (k ~ 10” M). The y chain 
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Figure 2.5 The structure of the IL-2 receptor. The thick lines indicate the four conserved cysteine residues 
characteristic of members of the cytokine (hemopoietic) receptor superfamily. Thin lines show nonconserved 
cysteines. The transmembrane regions are represented by diagonal hatching and the SH2 domain of the K, chain by 
solid shading. The areas shaded with vertical lines represent the WSXWS motif and the leucine zipper in the K, chain 
is shown by cross-hatching. 
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shows little significant binding capacity in isolation for 
IL-2. However, combination of the various chains results 
in increased affinity for IL-2 (Wu et al., 1995). 
Heterodimers of By or ay chains show intermediate 
affinity for IL-2 (ky = 10” m). However, the affinity of 
heterotrimers of aßy chains for IL-2 is dramatically 
increased compared with all other combinations (k, ~ 
10° M) and such receptor complexes are normally 
referred to as “high affinity”. It seems that in complexes 
containing B and y chains (including oy trimers) the 
interaction with IL-2 causes molecular reorganization 
which allows direct contact/binding between the y chain 
and the bound IL-2 molecule (Voss et al., 1993). 


/. Receptor Expression and Signal 
Transduction 


Several cell types including resting T and B lymphocytes, 
NK cells, and monocytic cells constitutively express the B 
and y chains of the IL-2R; these are probably present as By 
heterodimers. The structure of both chains suggests that 
they are capable of signal transduction, but the relatively 
low affinity of the complexes for ligand limits the potential 
for signaling IL-2 mediated effects. As would be predicted 
from its very short intracellular “tail”, the IL-2R œ chain 
does not mediate any signal transduction functions. The o 
chain is not significantly expressed by nonactivated cells, 
but activation of T and B cells dramatically enhances 
expression of the a chain, which leads to the formation of 
aby chain high-affinity complexes that are able both to 
bind 1L-2 at relatively low concentrations and also to 
transduce signals which mediate IL-2 effector functions 
(Taniguchi et al., 1983). IL-2 is able to upregulate 
expression of IL-2R a chains (Reem and Yeh, 1984), 
which potentiates the observed potency of IL-2 mediated 
proliferation, etc., with activated T and B lymphocytes. 
NKand monocytic cells seem to respond primarily to IL-2 
through intermediate-affinity (By) receptors, although 
subpopulations may express the high-affinity complexes. 
Nonhemopoietic cells are unable to produce IL-2R © 
chains, although “functional” intermediate-affinity 
receptors have been reported on some apparently 
responding cells (Plaisance et æl., 1992). The presence of 
the y chain in receptor complexes seems essential for 
receptor internalization, which is necessary for signal 
transduction (Takeshita et al., 1992). 

The biochemical events associated with IL-2 signal 
transduction are complex and often unclear. Several 
different possible pathways associated with this have been 
proposed (Karnitz and Abraham, 1996; Thèze et al, 
1996). Phosphorylation of a number of proteins, 
including the B and y chains of the receptor themselves, 
occurs following binding of IL-2, and phosphorylation 
of Raf-1 kinase occurs early in this process (Turner et al., 
1991). As the receptor chains possess no intrinsic kinase 


activity, the phosphorylations must be catalyzed by 
nonreceptor kinases as “secondary” phenomena. A rapid 
increase in intracellular pH occurs following IL-2 
binding to receptor as a result of activation of an Na*/H* 
antiport (Mills and May, 1987). 

The serine-rich region in the cytoplasmic domain of 
the receptor B chain activates syc tyrosine kinase and 
seems responsible for induction of c-myc, which is 
associated with cell proliferation (Shibuya et al., 1992). 
The acidic domain on the B chain binds the sre kinase-like 
molecule p56“ and causes activation of p21” (probably 
involving the she adaptor protein) and induction of 
fos/jun expression (Minami et al., 1993). It is possible 
that the receptor B chain may bind other src family 
kinases such as p59”, p55” and p56” which are known 
to be present in B lymphocytes and other cell types. It has 
been shown that Ras is activated following IL-2—IL-2R 
binding and that this requires effects mediated by two 
domains on the IL-2R (Satoh ez æl., 1992). 

Activation of Ras may trigger the MAP kinase cascade, 
although the precise role of this pathway in IL-2 signaling 
is not clear. The IL-2R B chain binds the janus kinase JAKI 
on activation, which may play a role in signal transduction. 
It has also been proposed that phosphoinositide-3-kinase 
may be involved in IL-2 signaling (Reif et al., 1997; 
Remillard et al., 1991). The p70 S6 kinase (p70) is a 
critical component in regulating IL-2 responses and this 
process scems to involve the lipid kinase mTOR (Kuo et 
Al. 1992: Piicewag) = T997); 

The y chain of the activated receptor binds JAK3 
followed by phosphorylation of the transcription- 
activating proteins STAT3 and STAT5. JAK3 signaling 
involving the y. chain has been shown to be essential for 
lymphoid development in mice (Nosaka et al., 1995). 
The SH2 domain of the y chain may also be involved in 
binding phosphotyrosine residues on a variety of 
signaling proteins involved in IL-2 signal transduction. 


8. IL-2-IL-2R Involvement in Disease 


The potent effects of IL-2 on the immune system and 
other physiological pathways suggest that abnormalities 
associated with IL-2 action in these biological processes 
could cause pathology. Production of and response to 
IL2 have been shown to decline with age in rats and mice 
(Rosenberg et al., 1994; Thoman and Weigle, 1982) and 
suggested as causing diminished immune responses; 
however, precise data to demonstrate the importance of 
this effect and whether it occurs in humans is generally 
lacking. Knockout mouse studies may provide 
information relevant to potential effects of abnormal IL- 
2-IL-2R expression in humans (Thèze et al., 1996). 
However, there are two clinical disorders that appear to 
be caused or at least compounded by abnormalities in 
IL-2R or IL-2R-IL-2 expression and activity. 
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8.l X-LINKED SEVERE COMBINED 
IMMUNODEFICIENCY (X-LINKED 
SCID) 


X-linked SCID is associated with severe impairment of 
humoral and cellular immune functions. It has been 
shown that the gene defect responsible for the disorder 
maps to the same locus as the IL-2Ry (y.) chain. Such 
mutations limit the production of IL-2Ry chains to 
truncated variants which presumably lack function 
(Noguchi et al., 1993). It therefore seems probable that 
inability to respond to IL-2 may cause or at least play a 
part in the underlying basis of SCID. However, the y. 
protein is an essential component of receptors for other 
cytokines which are clearly necessary for development 
and/or maintenance of immune functions (e.g., IL-4, 
IL-7, IL-15). lt is therefore possible that inability to 
respond to 1L-2 only partially explains the severe 
immunodeficiency shown by SC1D patients. 


8.2 ADULT T CELL 
LEUKEMIA/ LYMPHOMA 


Infection with HTLV I causes abnormal expression of 
numerous proteins, including the IL-2R œ chain, and most 
of these effects appear to be mediated by the viral Tax gene 
product. Although the contribution of 1L-2-IL-2R 
abnormalities to development of the fatal clinical disorder 
adult T cell leukemia is difficult to interpret owing to the 
multiple effects on expression of several proteins/genes 
and the inconsistent IL-2 dependence of leukemic T cells 
derived from leukemia patients, a role for disregulated IL- 
2 response seems likely for at least some of the pathology in 
this clinical condition (Yodoi and Uchiyama, 1992). 


9. IL-2 Therapy 


The observed stimulatory effects of IL-2 on immune 
processes, and especially cellular immune mechanisms, 
have prompted a large number of trials to assess the 
therapeutic potential of the cytokine in a range of clinical 
indications (Lotze and Rosenberg, 1988). 

IL-2 therapy has involved direct injection of 1L-2 itself 
and/or expansion and stimulation of patient’s lymphoid 
cells with 1L-2 in vitro followed by.introducing such cells 
back into the patient with concurrent IL-2 administration 
to maintain the active cell fraction. The latter procedure is 
known as “lymphokine activated killer cell” (LAK) 
therapy (Rosenberg et al., 1985; Rosenstein et al., 1984). 


9.1 TREATMENT OF CANCER 


Most therapeutic applications of IL-2 have involved 
treatment of neoplastic conditions (Kolitz and 


Mertelsmann, 1991). Such therapeutic approaches have 
been used with variable success for treatment of metastatic 
melanoma (Dillman et al., 1991; Goedegebuure et al., 
1995; Leong etal., 1995; Lotze et al., 1992; Rosenberg et 
al., 1994; Schwartzentruber et al., 1994), ovarian cancer 
(Canevari et æl., 1995), breast cancer (Addison erias 
1995; Ziegler et al., 1992), colorectal carcinoma (Hjelm 
et al., 1995; Okuno et al., 1993), hemangioendothelioma 
(Bhutto et al., 1995), neuroblastoma (Bauer et al., 1995; 
Frost et al., 1997; Marti et al., 1995), myeloblastoid 
leukemia (Foa, 1993; Stevenson et al., 1995), endocrine 
tumors (Lissoni et al., 1995), non-small-cell (Ardizzoni et 
al., 1994; Scudeletti et al., 1993; Yang ez al., 1991) and 
small-cell lung carcinoma (Clamon et æl., 1993), hairy-cell 
leukemia (Liberati et al., 1994), squamous cell carcinoma 
(Mattijssen et al., 1994), bladder carcinoma (Gomella et 
al., 1993; Nouri et al, 1994), glioma (Pedersen et al., 
1994), Hodgkin’s lymphoma (Margolin et al., 1991), 
pulmonary metastases (Barna et al, 1994), sarcoma 
(Kawakami et æl, 1993), myelogenous leukemia 
(Benyunes et al., 1993; Hamon et al., 1993; Meloni et æl., 
1996), hepatocellular carcinoma (Yamamoto et al., 
1993), metastatic pleural effusions (Viallat et al., 1993), 
adenocarcinoma (Bjermer et æl, 1993), B cell 
lymphocytosis (Tiberghien et al., 1992), metastatic renal 
carcinoma (Gambacorti Passerini eż al., 1993; Schoof et 
al., 1993; Sleijfer et al., 1992; Thompson et al., 1992; 
Weiss et al., 1992), and malignancies associated with 
AIDS (Bernstein et al., 1995). 

To date, the only indication for which an IL-2 product 
is licensed for therapeutic use in Europe and the United 
States is renal carcinoma. 


9.2 TREATMENT OF INFECTIOUS 


DISEASES 


The use of IL-2 to treat infectious diseases such as 
hepatitis B (Tilg et æl., 1993) and herpes simplex virus 
genital infection (Weinberg et al, 1986) has been 
described. A recent trial has shown that infusion of IL-2 
in selected AIDS patients can induce substantial sustained 
increases in CD4* lymphocytes without associated 
increases in plasma HIV RNA levels (Kovacs et al., 1996). 
Low-dose IL-2 therapy seems promising in this clinical 
condition (Jacobsen et al., 1996). IL-2 therapy for 
HTLV-1 infection has been described (Davey et al., 
1997). Oral IL-2 treatment for Campylobacter infection 
in mice has been reported (Rollwagen and Baqar, 1996). 


9.3 GENE THERAPY 


Therapy using cells transfected with IL-2 genes has been 
described for treatment of glioblastoma, melanoma, and 
other conditions (Flemming et al., 1997; Sobol et al., 
1995; Tohmatsu et al., 1993; Uchiyama et al., 1993). 
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9.4 BONE MARROW 
‘TRANSPLANTATION 


A small number of studies have been carried out to assess 
the usefulness of IL-2 in bone marrow and stem cell 
transplantation. Mouse studies have suggested that such 
approaches may be potentially valuable (Charak et al., 
1992; Riccardi et al., 1986) and human trials have shown 
some success (Beaujean et al., 1995; Charak et al., 1992; 
De-Laurenzi et al., 1995; Lopez-Jimenez et al., 1997). 


9.5 ADVERSE REACTIONS RELATING 
TO IL-2 THERAPY 


Administration of IL-2 to patients is often associated 
with adverse effects. These range from relatively mild 
discomfort to severe effects which requires the halting of 
therapy. A particularly frequent complication with IL-2 
therapy is the development of “capillary” or “vascular 
leak syndrome” (Lotze et al., 1986). This adverse effect 
disappears if treatment is stopped, but the very severe 
vascular permeability which results in interstitial 
pulmonary edema and eventual multiorgan failure often 
necessitates reduction or discontinuance of therapeutic 
administration of IL-2 (Funke et al., 1994; Pockaj et al., 
1994). The precise cause of the syndrome is not clear, 
but a mouse study has characterized the condition 
(Rosenstein et al., 1986). IL-2 induction of inducible 
nitric oxide synthetase and production of nitric oxide 
may be involved in the process (Orucevic et al., 1997). 

Other, less frequently observed, adverse effects noted 
during or following IL-2 administration include 
cardiomyopathy (Goel et al., 1992), scleroderma (Puett 
and Fuchs, 1994), myelodysplasia (Toze et al., 1993), 
hypothyroidism (Sauter et æl., 1992; Weijl et al., 1993), 
diabetes (Whitehead et al., 1995), renal disease (Guleria 
et al., 1994), colonic ischemia (Sparano et al., 1991), 
inflammatory arthritis (Massarotti et al., 1992), 
hypoprothrombinemia (Birchfield et al., 1992), fever, 
diarrhea and asthenia (Ridolfi et al., 1992). Occasionally 
patients may develop antibodies against IL-2, which may 
(Kirchner et al., 1991), or may not (Scharenberg et al., 
1994) compromise therapy. 

Therapeutic strategies, including dosing and route of 
administration, are largely influenced by attempts to limit 
adverse effects associated with IL-2 therapy (Banks et al., 
1997). 


9.6 IL-2 COMBINATION [THERAPY 


Several therapeutic regimes involving combination of IL- 
2 with other cytokines or substances have been devised. 
The primary aim is either to increase therapeutic effect or 
to allow adjustment of dosing to minimize adverse 
effects. Combination therapy of IL-2 with IFN-a, IFN- 
B, TNF-a, GM-CSF, and IL-4 (Fossa et al., 1993; 


Nagler et al., 1997; Keilholz et al., 1997; Krigel et al., 
1995; Liberati et al., 1994; Shaffer et al., 1995; Sosman 
et al., 1994, 1995), has been described, as has IL-2 with 
9-fluorouracil (Atzpodien et al., 1993; Ridolfi et al., 
1994) or zidovudine (Wood et al., 1993). Therapeutic 
use of IL-2 modified with polyethylene glycol has also 
been reported (Menzel et al., 1993). Monoclonal 
antibody-IL-2 fusion proteins have been devised for 
tumor therapy (Hornick et al., 1997). 


9.7 ANTI-IL-2R THERAPY 


Anti-IL-2R therapy has been tried te 
immunosuppression or as antitumor treatment. 
Monoclonal antibodies specific for CD25 have been 
used to immunosuppress patients to prevent allograft 
rejection of various tissues (Kirkman et al., 1991; Nashan 
et al., 1995; Tinubu et al., 1994). Such antibodies, either 
unmodified or conjugated to toxins, have also been used 
for treatment of Hodgkin lymphoma (Engert et al., 
1991), adult T cell leukemia (Hakimi et al., 1993; 
Waldmann et al, 1993), and chronic lymphocytic 
leukemia (Kreitman et al., 1992). Fusion proteins 
consisting of IL-2 with toxins have been produced for 
therapy of rheumatoid arthritis (Sewell et al., 1993), 
Hodgkin lymphoma (Tepler et al., 1994), T cell 
lymphoma (Hesketh et æl, 1993), and chronic 
lymphocytic leukemia (LeMaistre et al., 1991). 


induce 
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l. Introduction 


Interleukin-3 was orginally identified as a multilineage 
hemopoietic growth factor, which stimulates colony 
formation of erythroid, megakaryocytic, granulocytic, 
and monocytic lineages (Clark and Kamen, 1987; Clark- 
Lewis and Schrader, 1988; Metcalf, I991; lhle, 1992). 
A variety of synonyms exists for I1L-3, such as 
multicolony stimulating factor (multi-CSF), 
hemopoietic cell growth factor (HCGF), and colony- 
forming unit-simulating activity (CFU-SA) (Moore, 
1988). IL-3 supports proliferation of myeloid 
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precursors and also plays an essential role in supporting 
survival of these cells by prevention of apoptosis. The 
production of IL-3 is, in contrast to other hemopoietic 
growth factors, restricted to a few cell types, such as 
activated T lymphocytes and mast cells, underlying its 
role in inducible but not constitutive hemopoiesis. 
Beside its effects on immature myeloid progenitor cells, 
IL-3 acts on mature end-stage myeloid cells, such as 
basophils and eosinophils, by priming histamine release 
and generation of leukotrienes by IgE-dependent and 
-independent mechanisms, suggesting an essential role 
in allergic responses. It further acts on monocytes and 
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endothelial cells, and thus also plays an important role 
in inflammatory processes. The biological effects of IL- 
3 on hemopoiesis led to its use in clinical trials, to 
support and accelerate hemopoiesis in myeloid disorders 
and after high-dose chemotherapy or autologous bone 
marrow transplantation. Further development of IL-3 
agonists, with specific effects on hemopoiesis and lower 
activity on mature leukocytes, is currently in progress 
(Clark and Kamen, 1987; Clark-Lewis and Schrader, 
1988; Metcalf, 1991; Ihle, 1992; Lopez et al., 1992; 
Cosman, 1993). 


2. The Cytokine Gene 


Human IL-3 is encoded by a single mRNA transcript of 
approximately 1 kb length. The human IL-3 gene is 
located on chromosome 5 at 5q23-31, together with the 
genes encoding  granulocyte-macrophage colony- 
stimulating factor (GM-CSF), IL-4, IL-5, IL-9, 
macrophage colony-stimulating factor (M-CSF), the M- 
CSF receptor and various other genes encoding growth 
factors or their receptors. This small segment is termed 
the cytokine gene cluster. The IL-3 and GM-CSF genes 
are tightly linked and are only 9 kb apart (Yang et al., 
1988; van Leeuwen et al., 1989). 


2.1 GENOMIC ORGANIZATION OF THE 
IL-3 GENE 


The highly homologous gibbon IL-3 cDNA was used to 
screen for the human IL-3 gene. The human IL-3 gene is 
approximately 3 kb in length and consists of five exons 
(coding for 54, 14, 30, 14, and 40 amino acids) 
interrupted by four introns. The sequence of the exons of 
the human IL-3 gene is more than 99.5% homologous 
with the sequence of the gibbon cDNA clone. The human 
DNA sequence has relatively high homology to that of the 
mouse gene in the 3’ noncoding region (73%), while only 
45% homology was found between the respective coding 
regions (Yang et al, 1986). The human IL-3 gene 
contains a single consensus signal (AATAAA) for 
polyadenylation in the 3’ noncoding region (nucleotides 
287 1-2876). This sequence is found at the 3’-end of most 
RNA polymerase II transcripts and typically signals the 
addition of a polyadenylate sequence 10-25 nucleotides 3’ 
to the AAUAAA (Yang and Clark, 1988) (Figures 3.1, 
Se 

The 3° noncoding sequence of both the gibbon and 
the human IL-3 cDNA contains an AT-rich segment 
characterized by several repeats of the sequence ATTTA, 
which has been identified in cDNA clones of numerous 
lymphokines and other regulatory proteins that are 
transiently expressed, and has been shown to affect 
stability of mRNA (Shaw and Kamen, 1986). 


1 

GATCCAAAC ATG AGC CGC CTG CCC GTC CTG CTC CTG Exon 1 
CTC CAA CTC CTG GTC CGC CCC GGA CTC CAA GCT CCC 

ATG ACC CAG ACA ACG TCC TTG AAG ACA AGC TGG GTT 

AAC TGC TCT AAC ATG ATC GAT G AA ATT ATA ACA CAC 

TTA AAG CAG CCA CCT TTG CCT TTG CTG 

171 

GAC TTC AAC AAC CTC AAT GGG GAA GAC CAA GAC ATT Exon 2 
CTG ATG 

214 +! 

GAA AAT AAC CTT CGA AGG CCA AAC CTG GAG GCA TTC Exon3 
AAC AGG GCT GTC AAG AGT TTA CAG AAC GCA TCA GCA 

ATT GAG AGC ATT CTT AAA 


304 

AAT CTC CTG CCA TGT CTG CCC CTG GCC ACG GCC GCA Exon 4 
CCC ACG a ee 

345 


CGA CAT CCA ATC CAT ATC AAG GAC GGT GAC TGG AAT Exon 5 
GAA TTC CGG AGG AAA CTG ACG TTC TAT CTG AAA ACC 
CTT GAG AAT GCG CAG GCT CAA CAG ACG ACT TTG AGC 
CTC GCG ATC TIT TAG ICCAACGTCCAGCTCGTTCTCT 
GGGCCTTCTCACCACAGCGCCTCGGGACATCAAAAACAGCA 


TGAAACCT T 
AA CCT T T 


674 


Figure 3.1 Nucleotide sequence of the human IL-3 gene 
(accession code GenEMBL M14743). The five exons of 
the human IL-3 gene are shown. The underlined bases in 
exon 1 and exon 5 are nontranslated regions (Yang et äl., 
1986). 


2.2 TRANSCRIPTIONAL CONTROL 


The 5° upstream regulatory sequences of the IL-3 gene 
contain binding sites for several nuclear transcription 
factors. The AP-1 binding site (nucleotides (nt) -301 to 
~295 relative to the transcription start) is required for 
transcriptional activation by phorbol myristate acetate 
(PMA), phytohemagglutinin (PHA), and anti-CD2 in 
human primary T lymphocytes (Park et al., 1993). Six 
base pairs downstream of the AP-I site, a binding site for 
the transcription factor Elf-1, a member of the Ets 
family, is present. Cooperation of AP-1 with Elf-l or 
NF-IL-3A was shown to be required for maximal 
promoter activity in the stimulated MLA-144 gibbon T 
cell line (Gottschalk et al., 1993). The NF-IL-3A/ACT- 
l binding site, located between nt -156 and -147 
relative to the transcription start, has been shown to be a 
stimulation-responsive element in Jurkat, gibbon MLA- 
144, and primary human T cells (Shoemaker et al., 
1990). The transcription factor NF-IL-3A has recently 
been cloned and is nearly identical to the E4BP4 
transcriptional repressor protein, and also binds to 
regulatory sequences in the adenovirus E4 promoter and 
interferon-y (IFN-y) promoter (Zhang et al., 1995). 
Over the 5’ end of the ACT-1 site binds an inducible, T 
cell-specific factor that shares functional properties with 


the OAP* complex of the ARRE-1 element of the IL-2 
promoter. Over its 3’ end, the ACT-1 site binds the 
octamer factor Oct-1 (Davies et al., 1993; Kaushansky et 
al., 1994). Transcription of the IL-3 gene is negatively 
regulated by a strong repressor element, termed nuclear 
inhibitory protein (NIP) (nt -271 to -250 relative to the 
transcription start), which inhibits IL-3 gene expression 
in the absence of the AP-1/EIlf-1 site in MLA-144 cells 
(Mathey-Prevot et al., 1990). Three protein complexes 
bind to the NIP region of the IL-3 promoter in MLA- 
144 cells, and one complex (NIP-C3) was identified as 
the repressive factor. The presence of NIP-C3 was 
demonstrated in a variety of cell types (Engeland et al., 
1995). The GT/GC-rich region (nt -76 to —47 relative 
to the transcription start) is required for basal promoter 
activity and serves as a response element for the human 
T cell leukemia virus type-I-encoded Tax. This region 
binds the transcription factors EGR], EGR2 and DB1 
(Koyano- Nakagawa et al., 1994). 


2.3 POST-TRANSCRIPTIONAL CONTROL 


The 3’ untranslated region (UTR) of the IL-3 mRNA 
contains the repetitive AUUUVA motif, found in various 
lymphokine and cytokine genes, which is responsible for 
mRNA destabilization (Shaw and Kamen, 1986; Caput 
et al., 1986; Brewer and Ross, 1988; Malter, 1989; 
Brewer, 1991). In human Jurkat T cells, upregulation of 
IL-3 mRNA stimulated by treatment with PMA and 
PHA occurs both at the transcriptional level and post- 
transcriptionally, by increasing the half-life of the IL-3 
mRNA (Ryan et al, 1991). In human primary T 
lymphocytes, PMA has been shown to augment the 
concanavalin A (Con A)-induced IL-3 mRNA 
accumulation in a similar manner, by increasing the 
transcription rate and mRNA stabilization (Dokter et al., 
1993a). The stromal-derived growth factor IL-7 was 
shown to enhance Con A-induced IL-3 mRNA 
accumulation in human primary T lymphocytes, by an 
effect on post-transcriptional mechanisms (Dokter et al., 
1993b). In mast cells, expression of IL-3 is induced 
following IgE receptor activation via calc1um-dependent 
mRNA stabilization (Wodnar-Filipowicz and Moroni, 
1990). Analysis of the 8 AUUUVA motifs located in the 
3’ UTR of the IL-3 mRNA demonstrated that within a 
cluster of six AUUUA motifs, three adjacent motifs are 
required for binding of a factor which mediates rapid IL- 
3 mRNA decay (Stoecklin et al., 1994). The murine cell 
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line FL-IL3-R, which was derived from the IL-3 
dependent cell line FL5.12 by transformation with a 
retrovirus (MLV-src) encoding the v-sve oncogene, 
contains a rearrangement at the IL-3 locus and produces 
IL-3 constitutively. The rearrangement resulted from the 
transposition of an intracisternal A particle (IAP) 
provirus into the 3’ untranslated region of the IL-3 
gene, within the ATTTA sequence motifs, resulting in an 
increase in the half-life of the IL-3 mRNA (Algate and 
McCubrey, 1993; Mayo et al., 1995). 


3. The Protein 


The human IL-3 cDNA was derived from a library from 
an activated T cell clone (Otsuka et al, 1988). The 
cDNA is composed of 922 bases and has a single open 
reading frame of 152 amino acids. The encoded protein 
consists of a hydrophobic leader peptide of 19 amino 
acids (aa), and the mature protein is 133-aa long, with a 
predicted molecular mass of 15.1 kDa. SDS-PAGE 
determinations showed that IL-3 expressed in COS cells 
has an apparent molecular mass between 15 and 25 kDa, 
while expression in yeast gives an apparent molecular 
mass between 18 and 23 kDa. Human IL-3 contains two 
potential N-linked glycosylation sites (aa 15-17 and 
70-72), but glycosylation is not required for biological 
activity. Two conserved cysteine residues are present in 
the human protein (aa 16 and 84). Human IL-3 has 29% 
homology with the murine IL-3 at the amino acid level 
(Dorrsers et al., 1987) (Figure 3.3 on Page 43). 

Human IL-3 protein, expressed in E. colz, was found 
to be insoluble at the concentration and pH required 
for NMR studies, and no x-ray studies have yet been 
reported. However, a 112-residue truncated variant of 
recombinant hIL-3, SC-65369, has been used for 
NMR studies. This variant lacks the N-terminal 13 
residues and C-terminal 8 residues, and has 14 amino 
acid substitutions relative to the wild-type protein, and 
is in fact slightly more active than the native protein. 
Data derived using this mutant molecule indicates that 
IL-3 contains four helical bundles (helices A-D) and 
three reverse turns, similar to GM-CSF. A fifth short 
helix (A’) is located in the loop connecting the first 
and second helices. This helix A’ is absent in GM-CSF 
and IL-5, suggesting an essential role in the 
recognition of the a chain of the IL-3 receptor (Feng 
a al 1995) 
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90 bp 
30 aa 






Figure 3.2 Gene structure of IL-3 gene. 
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4, Cellular Sources and Production 


IL-3 is produced by human T cells stimulated with PHA 
and PMA or a combination of IL-1 with anti-CD3 
monoclonal antibody. 1L-3 is also produced by human T 
cell lines, such as the Jurkat cell line, in response to 
treatment with PHA. The gibbon cell line MLA-144 is 
dependent on stimulation with PMA for expression of 
IL-3 (Otsuka et æl., 1988; Niemeyer et al., 1989). 

Human natural killer (NK) cells have been shown to 
produce 1L-3 upon stimulation with phorbol 
dibutyrate and calcium ionophore A23187 (Cuturi et 
al., 1989). 

Cross-linkage of high-affinity Fce receptors (FceRI) 
with IgE on mast cells leads to induction of allergic 
responses and secretion of histamine and newly 
synthesized arachidonic acid metabolites. Cross-linkage 
of FceRI or treatment with calcium ionophore stimulates 
expression of various lymphokines by murine mast cell 
lines, lymphokines which were originally thought to be 
produced only by a subset of murine T cell lines (T,,2 
cells). The factors expressed by cross-linked mast cells 
include IL-3, IL-4, IL-5, and IL-6 (Plaut et al., 1989; 
Wodnar-Filipowicz et al., 1989). The human mast cell 
line HMC-1, which lacks the high-affinity receptor for 
IgE, can express transcripts for IL-3, amongst other 
cytokines, after stimulation with TPA or ionomycin 
(Nilsson et al., 1995). 

Another source of 1L-3 is the murine WEHI-3 
myelomonocytic leukemia cell line, which produces IL-3 
constitutively, due to insertion of an endogenous 
retroviral element with its 5’ long terminal repeat in the 
proximity of the promoter region of the IL-3 gene 
(Ymer et al., 1985). 1L-3-dependent murine PB-3c mast 
cells express 1L-3 and can form 1L-3 autocrine tumors 
after v-H-ras expression. ln one tumor, an insertion of 
an endogenous retroviral element (IAP) into the 
promoter of the IL-3 gene was shown (Hirsch et al., 
1993). 

Other sources of 1L-3 include astrocytes and neuronal 
cells of the mouse brain, which have been shown to 
express IL-3 mRNA (Farrar et al., 1989). Human thymic 
epithelial cells also express 1L-3 (Dalloul et al., 1991). 

There are some conflicting reports concerning the 
expression of 1L-3 by epidermal keratinocytes. 
Expression of an interleukin-3-like activity was 
described for murine keratinocytes, and the presence of 
1L-3 mRNA was demonstrated in murine cell lines and 
also in normal murine neonatal primary cultures of 
keratinocytes, indicating that murine keratinocytes 
express IL-3 (Luger et al., 1985). Human keratinocytes 
also produce an 1L-3-like activity (Danner and Luger, 
1987; Dalloul etal 1992) mowever, in a @ecent 
report it is proposed that the observed 1L-3-like 
bioactivity described for human keratinocytes can 
be attributed to GM-CSF and 1L-6 (Kondo et al., 
125). 


5. Biological Activity 


5.1 THE ROLE OF IL-3 IN 
HEMOPOIESIS 


Homeostasis of the hemopoietic system is maintained by 
continuous growth and differentiation of blood cells. 
Mast cells, megakaryocytes, erythrocytes, neutrophils, 
eosinophils, basophils, and monocytes are derived from 
myeloid precursor cells, while T and B lymphocytes are 
derived from the lymphoid precursors. Both lineages 
develop from pluripotent stem cells, which have the 
capacity for both differentiation and seli-renewal. Stem 
cells in contact with stromal cells are thought to be in the 
G, resting phase and enter into, the cell cycle at a constant 
rate, termed constitutive hemopoiesis, which is regulated 
by humoral factors and cell-to-cell interaction. Inducible 
hemopoiesis is a response to acute situations such as 
infection and bleeding, and is driven by humoral factors 
that promote rapid expansion and maturation of specific 
sets of hemopoietic cells at the affected sites. The factors 
that control both constitutive and inducible hemopoiesis 
are the colony-stimulating factors (GM-CSF, G-CSF, M- 
CSF, IL-3, and other factors such as SCP (stemm cil 
factor, steel factor, c-kit ligand), erythropoietin (EPO), 
IL-6, IL-1, and tumor necrosis factor-a (TNF-a). In 
contrast to other factors, many of which are produced by 
a variety of cells, production of 1L-3 is restricted to only 
a few cell types, such as activated T cells and mast cells. 
This observation led to the concept that IL-3 is involved 
only in tnducible hemopoiesis and does not play a role in 
constitutive hemopotesis. This hypothesis is underlined by 
the fact that IL-3 is not produced by fetal tissues 
(Azoulay et al., 1987) or by bone marrow stromal cells 
(Naperstek et al., 1986; Gualtieri et al., 1987). 1L-3 has 
three effects on committed progenitor cells: the 
induction of proliferation and differentiation, and the 
support of cell survival by prevention of apoptosis (Clark 
and Kamen, 1987; Metcalf, 1989, 1991). 


5.1.1 Role of IL-3 in the Proliferation and 
Differentiation of Pluripotent Myeloid 
Progenitor Cells 


1L-3 is a multilineage hemopoietic growth factor that 
acts on early myeloid progenitor cells and supports their 
proliferation and terminal differentiation into the 
granulocytic, monocytic, megakaryocytic, and erythroid 
lineage, in both the murine and human systems 
(Ikebuchi et æl., 1987, 1988). 1L-3 acts on early stages of 
hemopoiesis, rather than on cells in the terminal process 
of maturation (Sonoda et al., 1988). The myeloid 
progenitors are characterized by expression of the CD34 
cell surface molecule (CD34"), and represent 0.5-2.5% 
of the cells in the bone marrow (BM) or umbilical cord 
blood. CD34" cells proliferate in the presence of a variety 
of hemopoietic growth factors, including 1L-3, GM- 
CSF, and G-CSF (Litzow et al., 1991; Terstappen et al., 
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1991). The development of CD34" cells into the 
erythroid lineage by IL-3 is supported by EPO (Saeland 
et al., 1988). SCF can synergize with IL-3, GM-CSF or 
G-CSF to induce unseparated human bone marrow 
(BM) cells to form colony-forming units-granulocyte- 
monocyte (CFU-GM), and to form erythroid burst- 
forming units (BFU-E) in the presence of IL-3 and EPO 
(Bernstein et al., 1991; McNiece et al., 1991; Brandt et 
al.. 1992). 

CD34" cells can be further subdivided into cells at 
differing stages of differentiation, as assayed by the 
expression of specific surface molecules. For instance, 
CD34" cells expressing low levels of HLA-DR, but high 
levels of c-kit (CD34* HLA-DR c-kit) represent more 
primitive progenitors, compared to those expressing 
HLA-DR (CD34* HLA-DR’). The latter are enriched 
for more differentiated human progenitors (HPCs), 
including CFU-GM, BFU-E, CFU-granulocyte- 
erythroid-monocyte-megakaryoctye (CFU-GEMM), 
and CFU-megakaryocyte (CFU-Mk). The response of 
CD34" cells to IL-3 or other hemopoietic factors 
depends upon their stage of differentiation. SCF has 
been shown to support the survival of the more primitive 
progenitors (CD34* HLA-DR’ c-kit’), whereas IL-3 
supports the survival of the more differentiated 
progenitors (CD 34° HLA-DR’) (Brandt et al., 1994). It 
has further been demonstrated that CD34" cells from 
cord blood, expressing high levels of c-kzt coupled with 
low levels of IL-3 receptors, represent erythroid 
progenitors, whereas cells expressing low levels of c-kit 
represent granulocytic, monocytic and primitive 
progenitors (Sato et al., 1993b). 

IL-3 interacts with other cytokines, and the lineage 
development can be influenced by the combination of 
factors supplied. IL-3, GM-CSF, and IL-5 can support 
eosinophilic differentiation, and it has been suggested 
that IL-3 and GM-CSF support the early and 
intermediate stages of this process (Lopez et al., 1986; 
Saito et al., 1988), while IL-5 primarily supports the late 
and terminal proliferation and maturation (Yamaguchi et 
al., 1988). Among the CSFs, IL-3 and GM-CSF have 
been reported to support development of CD34" toward 
the megakaryocytic lineage (Egeland et al., 1991). IL-3 
induces early stages of megakaryocytopoiesis, whereas 
the hemopoietic factor thrombopoietin (c-mpl ligand) is 
required for full megakaryocytic maturation (Banu et al., 
1995: Guerriro et al., 1995). TNF-& potentiates the IL- 
3 and GM-CSF-induced short-term proliferation of 
CD34* cells, whereas long-term treatment results in 
inhibition of the granulocytic differentiation and support 
of the maturation into the monocytic lineage (Caux et 
al., 1990, 1991). IL-3 also cooperates with TNF- for 
the development of dendritic/Langerhans cells from 
cord blood CD34* hemopoietic progenitor cells (Caux et 
al., 1996). TNF-a has also been shown to increase 
expression of B, of the IL-3, IL-5, and GM-CSF 
receptors on CD34’ cells, which then become more 


sensitive to IL-3 (Sato et al., 1993b). IL-1 has been 
shown to upregulate the B. in the human factor- 
dependent cell line TF-1 (Watanabe et æl., 1992). IL-3 
has further been reported to support the growth- 
promoting effect of SCF on murine mast cell precursors 
(Rennick et al, 1995). 

The zn vivo data are mainly consistent with those 
obtained from 2” vitro studies. Thus, infection of mouse 
bone marrow cells with retroviral vectors expressing IL-3 
cDNA and transplantation into irradiated mice induced a 
nonneoplastic myeloproliferative disorder. Mice over- 
expressing IL-3 exhibited increased spleen, peritoneal, 
and peripheral blood cellularity, and extensive neutro- 
philic infiltration of the spleen, lung, liver, and muscle, 
whereas bone marrow cellularity decreased (Wong et al., 
1989; Chang et al., 1989). 


5.1.2 Role of IL-3 in Proliferation and 
Maturation of Lymphoid Progenitors 


For long-term proliferation, B cell progenitors require a 
variety of hemopoietic growth factors and are dependent 
on factors derived from stroma cells, such as IL-7, and on 
direct cell-to-cell contact. These activities involve CD44 
and hyaluronate, very late activation antigen-4 (VLA-4) 
and fibronectin, and SCF-c-kzt and IL-7-IL-7 receptor 
interactions (Whitlock and Witte, 1982; Takeda et al., 
1989). IL-3 has been proposed to be a growth factor for 
mouse B cell precursors, since it has been shown to support 
the growth of freshly isolated fetal liver murine pre-B cells 
and the long-term culture of IL-3-dependent pre-B cell 
clones which can be converted into mature antibody- 
secreting cells in vitro (Palacios et al., 1984). Murine B cell 
precursors die in the absence of IL-3, underlining its role in 
the development of early B cell precursors (Palacios and 
Steinmetz, 1985). Optimal growth of pre-B cells was 
obtained by combination of IL-3 with the stroma-derived 
cytokine IL-7 (Rennick et al., 1989). IL-3 has also been 
reported to be an alternative growth factor for mouse 
CD45RO (B-220") and c-f" pre-B cells, and can replace 
IL-7 (Winkler et al., 1995). The cell line SPGM-1, which 
was derived from a mouse progranulocyte/ 
promacrophage tumor and exhibits a pre-B cell 
phenotype, can be induced to switch from pre-B cells to 
macrophages in the presence of IL-3 (Martin etal., 1993). 

Treatment of mouse lymphoprogenitors with two- 
factor combinations, including SCF plus IL-6, IL-11, or 
G-CSF, supported the lymphomyeloid potential of 
primary colonies. IL-3 could not replace or synergize 
with SCF in maintaining the B-lymphoid potential of the 
primary colonies, although the frequency of colony 
formation was similar with IL-3 or SCF alone. IL-3 and 
IL-la have further been shown to suppress the B- 
lymphoid potential of primitive progenitors, suggesting a 
role of IL-3 and IL-Ia@ as negative regulators in early 
stages of B-lymphopoiesis (Hirayama et al., 1992, 1994). 
The possible negative regulatory role of IL-3 on B-cell 
development is also evident from the development of a 
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nonmalignant B cell lymphoproliferative disorder in 
transgenic mice expressing antisense IL-3 RNA 
(Cockayne et al., 1994). 

There are few reports on the effect of IL-3 on human 
B cell proliferation. Xia and colleagues reported that IL- 
3 is a late-stage B cell growth factor on Staphylococcus 
aureus Cowan 1 (SAC)-activated B cells. IL-3 synergizes 
with IL-2 to enhance both B cell proliferation and 
differentiation by enhancing IL-2 receptor expression 
(Xia et al., 1992). IL-3 has further been shown to 
support the growth of human B cell lymphoma cells 
(Clayberger et al., 1992). Plasma cell precursors isolated 
from peripheral blood mononuclear cells (PBMC) of 
patients suffering from multiple myeloma (MM), a 
human B cell malignancy characterized by bone marrow 
accumulation of plasma cells, have been shown to be 
controlled in their growth by IL-3 and synergistically by 
IL-3 and IL-6 (Bergui et al., 1989). Human leukemic B- 
cell precursors (BCPs) from patients with acute 
lymphoblastic leukemia (ALL) express functional 
receptors for IL-3, and proliferate in response to IL-3 
(Uckun et al., 1989; Eder et al., 1992). 

Expansion and maturation of early thymic progenitor 
cells and pro-T cells are still poorly understood. The 
thymic environment expresses a variety of cytokines, 
including IL-3. The earliest intrathymic progenitors 
express low levels of CD4 (CD4°, CD3°, CD87, CD44", 
CD25, c-kit), contain T, B, and NK and dendritic cell 
precursor activities, and are not yet committed to the T- 
cell lineage. CD4’° were shown to proliferate best in the 
presence of combinations of cytokines (IL-3 + IL-6 + 
SCE, IL-1 + IL-3 + IL-6 + SCF; IL-1 + 13 + IL-6 + 
IL-7 + SCF) (Moore and Zlotnik, 1995). 


4 
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5.1.3 Role of IL-3 in Prevention of 
Apoptosis 

Expansion and maturation of the immature progenitor 
cells of bone marrow appear to be controlled by a balance 
between proliferation and apoptosis. Proliferation of 
these cells is simulated by hemopoietic cytokines, such as 
IL-3 and GM-CSF, which act on early precursor cells. 
Upon withdrawal of IL-3 or GM-CSF from progenitor 
cells or primary IL-3-dependent cells from the bone 
marrow, they undergo programmed cell death, or 
apoptosis, although the enhancement of cell survival is 
distinct from the stimulation of proliferation (Williams et 
al., 1990). 

Apoptosis induced by IL-3 withdrawal from the IL-3- 
dependent hematopoietic cell line 32D was shown to be 
associated with repartitioning of intracellular calcium and 
is blocked by overexpression of bcl-2 (Baffy et al., 1993). 
In the human IL-3-dependent erythroleukemia cell line 
TF-1, 4cl-2 mRNA and protein levels decrease upon 
withdrawal of IL-3 and it was suggested that IL-3 plays a 
role in maintaining &cl-2 transcription through activation 
of protein kinase C in this cell line (Rinaudo et al., 1995). 
Two different signaling pathways have been demonstrated 


for induction of proliferation and prevention of apoptosis 
by IL-3, but both signals are required for long-term 
proliferation. The signaling pathway for DNA synthesis 
can be clearly dissociated from the anti-apoptotic function 
induced by ligand binding. The distal region of the IL- 
3/GM-CSF receptor B chain, which activates the 
Ras/Raf-1/MAPK signaling pathway, has been shown to 
be implicated in the prevention of apoptosis. Thus the Ras 
signaling pathway appears to provide another level of 
growth control, presumably by regulation of bci-2 
expression (Kinoshita et al., 1995). 

IL-3 has also been shown to prevent other types of 
apoptosis, such as apoptotic cell death induced by DNA- 
damaging irradiation ..or treatment with the 
topoisomerase II inhibitor etoposide in the murine IL-3- 
dependent pre-B cell line BAF3. Apoptosis induced by 
DNA damage can also be prevented by overexpression of 
bcl-2, and IL-3 and 6cl-2 can act in a cooperative manner 
(Collins et al., 1992; Ascaso et al., 1994). 


5.2 EFFECTS OF IL-3 ON MATURE 
LEUKOCYTE FUNCTION 


5.2.1 Monocytes/Macrophages 


In addition to its effects on hemopoietic precursors, IL-3 
modulates leukocyte function 7” vitro and in vivo. IL-3 
does not induce proliferation in mature macrophages, 
but exerts macrophage-activating properties, regulating 
the expression of various surface antigens and cytokines 
in murine peritoneal macrophages, human peripheral 
blood monocytes, and cells of the human THP-1 line. 
IL-3 induces class II MHC antigen (Ia) and LFA-1 
(CDlla/CD18) expression in murine peritoneal 
macrophages. IL-3 is a less potent stimulus than IFN-y 
on class II MHC (Ia) antigen expression, but can induce 
LFA-1 with a time-course similar to the induction of 
LFA-1 by either IBN-y or EPS. IL-3 can interi 
synergistically with IFN-y in inducing class II MHC (Ia) 
antigen expression, while IL-3 and IFN-y have only an 
additive effect on LFA-1 induction (Frendl and Beller, 
1990). IL-3 and GM-CSF can increase monocyte 
adhesiveness to endothelial cells via induction of CD18, 
the common ß chain of the LFA-1 family, on the surface 
of monocytes (Elliott et al., 1990). In human monocytes, 
GM-CSF or IL-3 increase the expression of HLA-DR, 
CD14 (LPS receptor), and IL-1a (Dimri et al., 1994). 
CD23 (FceRII) expression by B cells and monocytes can 
be regulated by IL-4, IFN-y, and IFN-a, as well as by 
GM-CSF and IL-3. GM-CSF is able to enhance CD23 
expression by monocytes and IL-3 enhances CD23 
expression by both monocytes and B cells. IL-4 acts 
synergistically with GM-CSF or IL-3 to induce monocyte 
CD23 expression (Alderson et al., 1994). 

In murine peritoneal macrophages, IL-3 alone does 
not induce IL-l bioactivity, whereas IL-l is induced 


synergistically in the presence of IL-3 and suboptimal 
concentrations of LPS (Frendl et al., 1990). IL-3 and 
LPS are also able to induce IL-6 and TNF-o in murine 
macrophages (Frendl, 1992). 

IL-3, like GM-CSF, can regulate macrophage 
tumoricidal activity 7” vitro. In response to IL-3 and 
GM-CSF, human peripheral monocytes express TNF-a, 
which itself may be involved in monocyte cytotoxicity 
(Cannistra et al., 1988). Using the malignant melanoma 
celt line A375 as target, tumor cell killing by activated 
macrophages was demonstrated by treatment with 
IFN-y and suboptimal concentrations of microbial 
products such as muramyl peptide, whereas IL-3 or GM- 
CSF were able to induce peripheral blood monocytes to 
kill A375 tumor cells ¿n vitro without any requirement 
for a microbial cofactor. The mechanisms by which 
activated monocytes kill A375 tumor cells are the 
production of reactive oxygen and nitrogen 
intermediates, release of soluble cytotoxic molecules and 
the engagement of cell surface cytotoxic molecules 
(Grabstein and Alderson, 1993). CD40, a member of the 
“NE receptor family of cell surface proteins, is expressed 
on B cells, dendritic cells, some carcinoma cell lines, and 
human thymic epithelium. Treatment of human primary 
monocytes with GM-CSF, IL-3, or IFN-y resulted in 
induction of CD40 mRNA and enhancement of CD40 
cell surface expression. CD40 was found to mediate 
monocyte adhesion to cells expressing recombinant 
CD40 ligand. Coincubation of monocytes with CV- 
1/EBNA cells transfected with CD40 ligand induced 
them to become tumoricidal against A375 melanoma 
cells (Alderson etal., 1993). 

A further effect of human IL-3 is to enhance the 
Candida albicans killing capacity of human monocytes 77 
vitro (Wang et al., 1989). In vivo treatment with human 
IL-3 as a single infusion in hematologically normal 
individuals did not produce significant changes in 
expression of the adhesion molecules CDI1b or L- 
selectin or of monocyte respiratory burst activity, but 
demonstrated a significant increase in monocyte 
phagocytosis and killing of Candida albicans. These data 
suggest that IL-3 has significant effects also on monocyte 
function in vivo (Khwaja et al., 1994). 


5.2.2 Basophils 


Mature basophils express receptors for IL-3, and IL-3 
has been recognized as a differentiation factor for human 
basophils (Valent eż al., 1989a,b). IL-3 has the capacity 
to enhance histamine release from human basophils 
stimulated by IgE-dependent and IgE-independent 
mechanisms (Hirai et al., 1988). Beside its priming effect 
on histamine release by basophils, IL-3 was shown to 
induce direct histamine release in basophils from some 
humans, with cells from atopics responding to a greater 
extent than those from nonatopic donors (Haak- 
Frendscho et al, 1988; MacDonald et al., 1989). 
Removal of surface IgE from basophils rendered them 
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unresponsive to IL-3, and the response could be restored 
by passive sensitization of basophils with IgE since IgE 1s 
known to bind histamine-releasing factors (MacDonald 
et al., 1989; Miadonna et al., 1993). IL-3- and IgE- 
dependent histamine release was shown to be inhibited 
by Na’ (Tedeschi et al., 1995). According to other 
reports IL-3 can induce basophil adhesion to endothelial 
cells and expression of CDIIb on the basophil surface 
without causing histamine release (Bochner et al., 1990), 
and can induce homotypic aggregation of basophils 
without induction of degranulation (Knol et al., 1993). 

IgE-independent induction of histamine release and 
generation of leukotriene C, (LTC,) can be observed 
upon stimulation of basophils with calcium ionophore 
A23187, the formylated peptide formylmethionylleucyl- 
phenylalanine (FMLP), anaphylatoxins C5a and C3a, or 
platelet-activating factor (PAF), and is enhanced by 
prestimulation of the basophil with IL-3 (Kurimoto et 
al., 1989; Bischoff et al., 1990; Brunner et al., 1991). 
The chemokine cytokine IL-8 was shown to induce 
histamine release and generation of LTC, in an IgE- 
independent fashion in basophils which were preexposed 
to IL-3 (Dahinden et al, 1989). Another report 
describes an inhibitory effect of IL-8 on basophils 
stimulated with histamine-releasing factors or IL-3 
(Kunar al. T291 


5.2.3 Eosinophils 


Eosinophilia is a response of the mammalian host in 
helminthic infection. Eosinophil production appears to 
be regulated by IL-3, IMS “hd 9GM-CSP¥* and 
eosinophils express receptors for all three cytokines 
(Lopez et al., 1991). Long-term treatment of eosinophils 
with IL-3 results in increased viability, induces 
normodense cells to become hypodense, and enhances 
their cytotoxicity against antibody-coated Schistosoma 
mansoni larvae. Moreover, IL-3 has been shown to 
augment calcium ionophore-induced LTC, generation 
(Rothenberg et al., 1988). IL-5 was identified as the 
most potent enhancer of Ig-induced degranulation and 
increased eosinophil-derived neurotoxin (EDN) release, 
but IL-3 and GM-CSF also enhanced Ig-induced EDN 
release, although they were less potent than IL-5 
(Fujisawa et al, 1990). Pretreatment of human 
eosinophils with IL-3 primes them for enhanced 
generation of LTC, after stimulation with FMLP, C5a 
andglee laksa er al., 1991, 1999). 


5.2.4 Neutrophils 


IL-3, like GM-CSF and G-CSF, stimulates the 
production of neutrophils from bone marrow precursors, 
but unlike the other two factors, it is unable to affect the 
function of mature neutrophils, consistent with the loss 
of 1L-3 receptors during differentiation into the 
neutrophilic series (Lopez et æl, 1988). In a recent 
report, neutrophils cultured in the presence of GM-CSF 
were shown to express IL-3R & chain mRNA and both 
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high- and low-affinity IL-3 receptors. Moreover, 
coincubation of neutrophils with IL-3 and GM-CSF 
resulted in synergistic upregulation of HLA-DR 
expression (Smith et al., 1995). 


5.2.5 Endothelial Cells 


In an inflamed tissue, proliferation and activation of 
endothelial cells are regulated by humoral factors 
released by T lymphocytes and monocytes infiltrating 
the perivascular space. Human umbilical vein 
endothelial cells (HUVECs) express low levels of IL-3 
receptors and can be stimulated by IL-3 to proliferate. 
Moreover, in these cells, IL-3 induces transcription of 
endothelial-leukocyte adhesion molecule-I (ELAM-I), 
which is associated with their activation. IL-3-induced 
ELAM.-I transcription is followed by enhanced adhesion 
of neutrophils and CD4* T cells to HUVECs (Brizzi et 
al., 1993). HUVECs express the common § chain of 
the GM-CSF, IL-3, and IL-5 receptors and the o chain 
of the IL-3 receptor, but expression of the & chains of 
GM-CSF and IL-5 receptors is minimal or absent 
(Collotta et al., 1993). The expression of the IL-3 
receptor Q chain was shown to be upregulated by TNF- 
a, IL-IB, and lipopolysaccharide (LPS), whereas the a 
chains for GM-CSF and IL-5 remained unaffected. 
Addition of IL-3 to TNF-a-activated HUVECs 
enhanced the expression of E-selectin and the release of 
IL-8. E-Selectin is a surface molecule required for the 
initial interaction of neutrophils and memory T cells 
with endothelium, whereas IL-8 directs neutrophil firm 
adhesion and transmigration (Korpelainen et al., 1993). 
IFN-y is also a stimulator of IL-3R expression in 
HUVECs. IL-3 and IFN-Y exert a synergistic effect on 
major histocompatibility complex (MHC) class IT gene 
expression and on the production of the early-acting 
hemopoietic cytokines IL-6 and G-CSF, while the 
expression of GM-CSF and IL-8 remained unaffected 
(Korpelainen et al., 1995). 


6. The Receptor 


The IL-3 receptor (IL-3R) belongs to the hemopoietin 
receptor (HR) superfamily. Members of this family 
include the receptors for IL-2 (B and y chains), IL-3, 
IL-4 IL-5, IL-6, IL-7, IL-9 IL-11, GM-CSF, 
granulocyte colony-stimulating factor (G-CSF), growth 
hormone (GH), prolactin (PRL), erythropoietin (EPO), 
leukemia inhibitory factor (LIF), and 
neurotrophic factor (CNTF) (Cosman, 1993). 

IL-3, GM-CSF, and IL-5 have specific unique low- 
affinity receptors (œ chains) with similar structures, 
characterized by a highly conserved N-terminus 
containing cysteine residues, a C-terminal WSXWS motif 
within a less conserved 200-amino-acid stretch, and a 
short cytoplasmic domain. These receptors can bind the 


ciliary 


ligand, but are unable to transduce a signal. The IL-3 
receptor @ chain (IL-3Rq) has a predicted size of 4I kDa 
and is expressed as a 70 kDa glycosylated protein. The 
cDNA of IL-3Ra contains an open reading frame of 378 
amino acids. The N-terminal I8 amino acid residues 
constitute a hydrophobic sequence typical of signal 
peptides. The transmembrane segment contains 20 
amino acids and the intracellular domain 53 amino acids. 
The predicted extracellular domain contains four 
conserved cysteine residues and the “WSXWS” motif, 
although in the case of the IL-3Ra there is a leucine 
instead of tryptophan (LSXWS). The IL-3Ra chain binds 
IL-3 with low affinity (K, = 120 + 60 nM). The high- 
affinity IL-3 receptor is formed by association of the low- 
affinity &-chain with the R chain (f., originally termed 
KH97). This protein is unable to bind the ligand on its 
own, but converts to a high-affinity binding (K, = 140 + 
30 pM) in the presence of the œ chain and ligand 
(Kitamura et al., 1991a,b). B. has a longer cytoplasmic 
domain and is able to transduce a biological signal. B, has 
a predicted molecular mass of 96 kDa and is expressed as 
a 120 kDa glycosylated protein. The cDNA for 8. 
contains an open reading frame of 897 amino acids, of 
which the N-terminal I6 amino acids constitute a 
hydrophobic domain. After cleavage of the signal 
peptide, the mature receptor consists of 881 amino acids. 
The extracellular domain contains the “WSXWS” motif 
and conserved cysteine residues, and the transmembrane 
domain spans 27 amino acids (Fig. 3.4). B.is shared with 
the a chains of the GM-CSF and IL-5 receptors, and the 
specificity of cytokine action is then determined by the 
distribution of the different a and B chains (Hayashida et 
al., 1990) (Fig. 3.5). Comparison of the B. cDNA with 
that of the mouse B chains, AIC2A and AIC2B, showed 
96% and 55% identity, respectively. 

The human IL-3 receptor @ chain gene is located in 
the pseudoautosomal region of the X and Y 
chromosomes at bands Xp22.3 and YpI3.3, tightly 
linked to the GM-CSF receptor & chain gene (Kremer et 
al., 1993; Milatovich et æl., 1993). B. is mapped to 
chromosome 22, at band 22q13.1 (Takai et al., 1994). 


6.1 RECEPTOR EXPRESSION 


Ligand-binding studies demonstrated that there is cross- 
competition between GM-CSF, IL-3, and IL-5 on 
mature leukocytes, where binding of one of the cytokines 
can be competed by excess of one of the others, 
explained by the existence of the common B subunit of 
the high-affinity receptors for GM-CSF, IL-3, and IL-5 
(Hayashida et æl, 1990). Cross-competition exists 
between GM-CSF and IL-3 on monocytes, and between 
GM-CSF, IL-3, and IL-5 on eosinophils and basophils 
(Elliott et al., 1992). While GM-CSF associates more 
rapidly with its receptors on monocytes and shows faster 
stimulation of cell functions than does IL-3, the latter 
dissociates from its receptor complex more slowly than 
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Figure 3.3 Amino acid sequence of mature human IL-3 (accession code Swissprot P08700). DY, conflicting amino 
acid: Ser (Yang et al., 1986). Pro (Otsuka et al., 1988). Disulfide bond between Cys" and Cys”. Asn-X-Ser, two 
potential glycosylation sites. 


miecor (Elliott eż al., 1992: Lopez et aly 1992). 
Eosinophils and basophils express all three receptors, and 
cross-competition occurs between GM-CSF, IL-3, and 
IL-5. For eosinophils the binding hierarchy was defined 
as GM-CSF>1L-3>IL-5, indicating that bound 1L-5 can 
be competed by excess amounts of GM-CSF or IL-3 
(Lopez et al, 1991). On human basophils IL-3 was 
shown to compete for GM-CSF and IL-5 binding, while 
IL-5 and GM-CSF did not compete for IL-3 binding. 
The hierarchy of basophil stimulation was defined as IL- 
3>GM-CSF>I1L-5 (Lopez et al., 1990). 


7. Signal Transduction 


Signal transduction following IL-3 binding to the high- 
affinity «/B receptor is mediated by the B, subunit of the 
IL-3R (Sakamaki et al., 1992). B, itself does not possess 
intrinsic tyrosine kinase activity, but one of the earliest 
events that occur after IL-3 binding is induction of 
protein tyrosine phosphorylation of many cellular 
proteins and of P, itself (Isfort et al., 1988; Sorensen et 
al., 1989; lsfort and Ihle, 1990; Duronio et al., 1992; 
Linnekin et al., 1992). Two Src family kinases, Lyn and 
Fyn, have been implicated in the action of IL-3 in certain 
cell types (Torigoe et al., 1992). A non-Src type kinase, 
janus kinase (JAK2), which belongs to the family that 
includes JAKI, JAK3, and TYK2, has also been shown to 
be tyrosine-phosphorylated and activated in response to 
stimulation with IL-3 (Silvennoinen et al., 1993). JAK2 
associates with B. of the IL-3R, and JAK2 activation 
following ligand binding requires the membrane- 
proximal domain. Activation of JAKs has been reported 


for the receptors of many cytokines, including GM-CSF, 
IL-6, and GH. In the interferon system, JAKs activate 
STAT (signal transducers and activators of transcription) 
factors, which bind directly to DNA after activation and 
translocation to the nucleus (Darnell et æl., 1994; Ihle et 
al., 1994). 1L-3, GM-CSF, and IL-5 have been shown to 
transduce signals through two STAT5 homologs, 
presumably via activation of JAK2 (Mui et al., 1995a,b). 
The membrane-proximal region of the B. has also been 
reported to be involved in the induction of c-myc by IL- 
3 or GM-CSF (Sato et al., 1993a). The distal region of B, 
is required for activation of another proposed signaling 
pathway, which involves receptor phosphorylation after 
ligand binding, providing a binding site for proteins, 
such as Shc, which contain SH2 domains. Binding and 
phosphorylation of She leads to association with Grb2, 
an increase in GTP-bound Ras, activation of Raf-I, and 
activation of the MAP kinase pathway and thus induction 
of c-jun and c-fos (Satoh et al., 1991; Sato et al., 1993a; 
lhle et al., 1994). Intracellular signaling mediated by IL- 
3, IL-5, and GM-CSF receptors is, for the most part, 
indistinguishable and the biological differences arise 
from differential receptor expression. 


8. Murine Cytokine 


The mouse IL-3 gene exists as a single copy on 
chromosome 11, 14 kb away from the GM-CSF gene 
(Barlow et al., 1987; Lee and Young, 1989). The murine 
1L-3 gene is approximately 3 kb length, and contains five 
exons, encoding 55, 14, 32, I4, and 51 amino acids, 
interrupted by four introns of 96, 993, 135, and 122 bp, 
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located within the coding region. In the 5’ flanking 
region, a TATA-like sequence is present 31 nucleotides 
upstream from the transcription start. Several potential 
CAAT box sequences are located upstream from the 
TATA box and are separated by a GC-rich region. At the 
3’ flanking region of the second intron are nine repeats of 
a closely related 14-bp sequence, which has homology 
with a 20 bp repeated sequence in the human genome 
shown to have enhancer activity (Miyatake et al., 1985). 
A single AATAAA sequence is present in the 1123 bp 
region beyond the translational termination codon. This 
conserved sequence, which is present near the 3’ end of 
eukaryotic mRNAs, is involved in endonucleolytic 
cleavage of the precursor mRNA to yield the 3’ poly(A) 
attachment site of the mature mRNA (Campbell eż al., 
1985). 

Murine IL-3 is encoded by a single mRNA species 
approximately 0.9 kb in length. The murine IL-3 cDNA 
was cloned from a cDNA library derived from the 
myelomonocytic leukemia cell line WEHI-3 (Fung et al., 
1984). Another cDNA clone derived from the Con A- 
stimulated T cell clone C1.Ly1*27/9, encoding the mast 
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Figure 3.4 Schematic representation of the IL-3 
receptor « and ß chains. 


cell growth factor (MCGF) was identical with that of IL- 
3 except for a single nucleotide difference (Yokota et al., 
1984). Both cDNA clones code for a precursor 
polypeptide of 166 amino acids including a signal peptide 
of 26 amino acids, cleavage of which yields a mature 
protein of 140 amino acids. The predicted molecular 
mass of mature IL-3 is 15.7 kDa. Murine IL-3 was 
purified from WEHI-3 cells and also chemically 
synthesized (lhle et al., 1982, 1983; Bazill et æl., 1983; 
Clark-Lewis et al., 1984, 1986). Analysis of the 
molecular mass showed heterogeneity in the size of 
secreted IL-3 (20-30 kDa according to gel filtration and 
SDS-PAGE). The isoelectric point is heterogeneous (pI = 
4-8), possibly owing to post-translational modifications, 
such as glycosylation, and still remained heterogeneous 
(pI = 6-8) after neuraminidase treatment or treatment of 
IL-3 producing cells with tunicamycin. The murine 1L-3 
has four potential N-linked glycosylation sites (Asn-X-Ser 
at positions 16-18, 44-46, 51-53, and 86-88), but 
glycosylation is not required for biological activity. The 
murine IL-3 has four cysteines, at amino acids 17,79, 80, 
and 140, and the disulfide bridge between cysteines 17 
and 80 is important for biological activity. Mouse 1L-3 is 
trypsin sensitive, S-S reduction-sensitive, and heat stable 
(65°C, 30 min; 50% loss of activity at 80°C, 30 min) 
(Clark-Lewis and Schrader, 1988). 

The cDNA of the mouse IL-3 receptor a chain 
contains an open reading frame of 396 amino acids, 
including a 16-aa signal peptide. lt has a predicted 
molecular mass of 41.2 kDa, but is expressed as a 60- 
70 kDa glycosylated protein. The membrane-spanning 
region is predicted to consist of 24 amino acids (Hara and 
Miyajima, 1992). In the murine system, there are two B 
subunits, named Bp; (originally termed AIC2A) and B, 
(originally termed AIC2B). B,,, is expressed as a 110- 
120 kDa protein (predicted size 94.7 kDa) and B. as a 
120-140 kDa protein (predicted size 96.6 kDa). By; and 
B. have 91% identity at the amino acid level but are 
encoded by two distinct genes. The cDNAs of B,,, and B. 
contain an open reading frame of 878 and 896 amino 
acids, respectively. Both receptors contain a 26-aa 
transmembrane domain and a 22-aa signal peptide. B. has 
one additional N-linked glycosylation site and an extra 18 
amino acids in the cytoplasmic domain. The B, receptor 
subunit appears to play a similar role as human B. 
(Gorman et al., 1990; Kitamura et al., 1991a), whereas 
Pn; itself binds IL-3 with low affinity (K, = 17.9 +3.6 nM) 
and can contribute to high-affinity binding in a complex 
with the murine @ chain. However, unlike human and 
mouse B., By; does not interact with the GM-CSF or IL-5 
receptor & chains (Itoh et al., 1990). Both mouse B chains 
are downregulated at the post-transcriptional level in an 
[IL-3-nonresponsive variant of the mouse mast cell line 
MC/9 (Hara and Miyajima, 1994). The biological 
significance of these two parallel IL-3 receptor systems is 
not yet understood, as B,, and B. appear to be 
coordinately expressed (Hara and Miyajima, 1992). 
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Figure 3.5 A model of IL-3R/GM-CSF R/IL-5R chain interactions. 


The gene for murine © chain is located in the proximal 
region of the mouse chromosome 14, separated from the 
gene for the mouse GM-CSF receptor œ chain, which is 
located on mouse chromosome 19 (Miyajima et al., 
1995). The mouse Ñ chains (Br, and B.) are located on 
mouse chromosome I5 (Gorman et al., 1992). 


9 IL-3 in Disease and Therapy 


9.1 IL-3 ASSOCIATED PATHOLOGY 


The chromosomal region representing the cytokine gene 
cluster is frequently deleted in patients with 
myelodysplastic syndrome (MDS), or acute myeloid 
leukemia (AML), occurring after cytotoxic therapy for 
the treatment of malignant or nonmalignant diseases (t- 
MDS/t-AML). t-MDS/t-AML is often associated with 
the loss of an entire chromosome 5 or 7 or a deletion of 
the long arm of these chromosomes [del(5q)/del(7q) J. 
The band 5q31 was identified as a critically and most 
frequently deleted band in patients with malignant 
myeloid diseases (Le Beau et al., 1987, 1993). 
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The effects of IL-3 in vivo have been consistent with 
most of the ŝin vitro data obtained from hemopoietic 
cells. Overexpression of IL-3 in mice resulted in a non- 


neoplastic myeloproliferative disorder (Chang et al, 


1989; Wong et al., 1989). Intravenous administration of 
IL-3 to nonhuman primates followed by GM-CSF 
resulted in enhanced leukocyte counts, mainly 
neutrophils, megakaryocytes, basophils, and eosinophils, 
as well as increased levels of histamine (Donahue et al., 
1988; Mayer et al., 1989; Stahl et al., 1992). 

The efficacy of hemopoietic growth factors to support 
hemopoiesis after high-dose chemotherapy or for 


autologous bone marrow support has been tested in 
several clinical trials. IL-3 was administered in clinical 
trials to patients with bone marrow failure and 
myelodysplastic syndromes and showed clear effects in 
stimulating hemopoiesis (Ganser et al., 1990a,b), 
although it was less effective in the treatment of aplastic 
anemia (Ganser et al., 1990c). IL-3 or combinations of 
IL-3 and GM-CSF have been used to shorten hemo- 
poietic recovery (Biesma et al., 1992; Brugger et al., 
1992; Orazi ef al, 1992; Postmius et al, 199 7 ata 
Bernstein, 1996; Hovgaard et al., 1997). 


9.3 FUSION PROTEINS AND IL-3 
AGONISTS 


PIXY321 is a recombinant fusion protein containing IL- 
3 and GM-CSF joined by a synthetic linker sequence. 
Ligand binding studies showed an equivalent binding 
capacity compared to GM-CSF, but there was a 10-fold 
greater binding affinity than that of IL-3 (Curtis et al, 
1991). PIXY32I sustained megakaryocytopotiesis zn 
vitro, comparable to a combination of GM-CSF and IL- 
3 (Bruno et al, 1992). In vivo administration of 
PIXY321 to sarcoma patients increased monocyte 
numbers (Hamilton et al., 1993). Another clinical study 
describes significant effects of PIXY321 on neutrophil, 
platelet, and reticulocyte counts before chemotherapy of 
patients with sarcoma (Vadhan-Raj et al., 1995). 

IL-3/EPO fusion proteins have been constructed, and 
tested for biological activity í» vitro. The effects of three 
IL-3/EPO fusion proteins on enhancement of 
proliferation of BFU-E and CFU-GEMM were similar to 
the combination of IL-3 with EPO (Lu eż al., 1995). 

A deletion mutant of IL-3 (hIL-3,. 55.) revealed full 
activity in an AMLI93.1.3 cell proliferation assay. 
Further single-site mutations on hIL-3,,),, were 
screened for bioactivity, resulting in mutants with 5-fold 
to 26-fold greater activity than that of native IL-3, 
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showing that amino acids can be substituted without loss 
of activity (Olins et al., 1995). Another genetically 
engineered IL-3 agonist (SC-55494) exhibits 10-fold to 
20-fold greater biological activity on human hemopoietic 
cell proliferation and a 20-fold greater affinity for o/B 
receptor binding on intact cells, but is only twice as active 
as IL-3 in priming synthesis of LTC, and triggering 
histamine release from peripheral blood leukocytes 
(Thomas et al., 1995). Thus the development of novel 
IL-3 agonists may result in enhanced activity on 
hemopoiesis without inducing undesirable side-effects. 
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l. Introduction 


lnterleukin-4 (IL-4) was originally identified as a 
molecule that was able to stimulate DNA synthesis of 
anti-IgM-stimulated murine B lymphocytes. This activity 
lead to the molecule being named initially as B cell 
growth factor (BCGF) (Howard et al, 1982). 
Concomitantly the protein was shown to induce 
lipopolysaccharide (LPS)-activated B cells to produce 
IgGl and this activity was named BCDF (Isakson et al., 
1982). Further studies showed that this molecule also 
increased the expression of class 11 MHC molecules on 
resting B cells. Therefore, the name of the protein was 
proposed as B cell stimulatory factor-1 (BSF-1) (Noe!le 
et al., 1984; Paul, 1984; Roehm et al., 1984). Following 
the cloning of the cDNA, the protein was given the name 


Cytokines 
ISBN 0-12-498340—-5 


5.4 Hematopoiesis 57 
5.5. TAK 30d NK Cells S 
5.6 Other Cell Types 67 
6. IL-4 Receptor S 
7. Signal Transduction 59 
8. Murine 1L-4 59 
9. IL-4 in Disease and Therapy 60 
9.1 1L-4 Associated Pathology 60 
9.2 IL-4 as an Antitumor Agent în 
vitro 60 
9.3 1L-41in Antitumor Therapy in vivo 60 
9.4 IL-4 and Diabetes 60 
9.5 The Therapeutic Potential of the 
Soluble 1L-4 Receptor 61 
I0. References 61 


1L-4 (Noma et al, 1986; Yokota et al, 1986). 
Subsequent work has described the diversity and complex 
biological activities of 1L-4, including growth of T 
lymphocytes and mast cells as well as a wide range of 


effects on many hematopoietic and endothelial cell types 
(Ohara, 1989; Callard, 1991; Banchereau et al., 1994). 


2. The Cytokine Gene 


Human 1L-4 is encoded by a single mRNA transcript of 
approximately 0.9 kb in length. The IL-4 gene consists 
of four exons arranged over I0 kb of DNA and exists as a 
single copy on chromosome 5 at 5q23.3-31.2 (Le Beau 
et al., 1988; Arai et al., 1989). 
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2.1 GENOMIC ORGANIZATION OF THE 
IL-4 GENE 


Following the isolation of the human cDNA clone for IL- 
4 from concanavalin A-stimulated T lymphocytes, the 
complete nucleotide sequence and structure of the 
chromosomal gene was reported (Yokota etal., 1986; Arai 
et al., 1989). The gene spans 10 kb of DNA contains four 
exons (Figures 4.1 and 4.2). The first exon contains the 5’ 
untranslated region of 65 bp and the fourth exon contains 
a 3’ untranslated region of 91 bp. A conventional “TATA” 
sequence exists 27 bp upstream from the transcription 
initiation site, starting at base pair position 1078. The 
gene contains the octamer enhancer motif sequence 
(ATGCAAAG) of the sv40 72 bp repeat sequence 234 bp 
upstream from the initiation site (Davidson et al., 1986). 
Within intron 2 exists the feature of a TG element which 
may be involved in the modulation of gene expression. 


RKKKKEKKEKEEE 


1070 TTTAAATCTATATATAGAGATATCTTTGTCAGCAT 


1106 


ACCTATTAATGGGTCTCACCTCCCAACTGCTTCCCCCTCTGTIC 


The gene also contains three tandem repeats at position 
7694 to 7902 within intron 3. 


2.2 TRANSCRIPTIONAL CONTROL 


Initial studies following the complete analysis of the 
nucleotide sequence for the IL-4 gene showed that the 
gene, when transfected, can be induced by phorbol 
ester and the calcium ionophore A23187, but only 
weakly using A23187 alone (Arai et al., 1989). An 11 bp 
region of the gene termed the “P sequence” 
(CGAAAATTTCC) is responsible for the responsiveness 
of the gene to phorbol ester/A23187, occurring at 
positions -79 to —69 from the cap site (Abe et al., 1992F 
It appears from data derived from work in the murine 
gene that this site binds a novel protein termed the NF- 
AT, that may control the expression of the IL-4 gene 


TICCTGCTAGCATGTGCCGGCAACTTTGTCCACGGACACAAGTGCGATA 


TCACCTTACAGGAGATCATCAAAACTTTGAACAGCCTCACAGAGCAGAAG 
1578 ACTCTGTGCACCGAGTTGACCGTAACAGACATCTTTGCTGCCTCCAAG 


6826 AACACAACTGAGAAGGAAACCTTCTGCAGGGCTGCGACTGTGCTCCGG 


CAGTTCTACAGCCACCATGAGAAGGACACTCGCTGCCTGGGTGCGACT 


GCACAGCAGTTCCACAGGCACAAGCAGCTGATCCGATTCCTGAAACGG 


CTCGACAGGAACCTCTGGGGCCTGGCGGGCTTG 


9591 AATTCCTGTCCTGTGAAGGAAGCCAACCAGAGTACGTTGGAAAACTICTT 
Be a ae ten 





9784 CAGCAATGGCATTTAATGTATTGGCTATGTTTACTTGACAAATGAAATTAT 
GGTTTGCAACTTTTAGGGAAATCAATTTAGTTITACCAAGAGACTATAAATG 


CTATGGAGCCAAAAC 4 


Figure 4.1 
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Gene sequence of the IL-4 gene. The four exons of the interleukin gene are indicated. Feint, underlined 


bases in exon 1 and exon 4 are nontranslated regions. The bold-underlined CAC is the coding sequence for the first 
mature amino acid of the protein. The TATA box is marked by asterisks. 
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Figure 4.2 Gene structure of the IL-4 gene. The four exons are indicated by hatched sections indicating the 
untranslated regions. 
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(Kubo et al., 1994). A negative regulatory element 
(NRE) also exists in the form of two protein binding 
sites, NRE] (@CR@@@TTCT@”) and NRE-2 
( CTTTTTGCTTTGC®®). The proteins Neg-1 and 
Neg-2 bind to these sites respectively. Neg-1 has only 
been detected in T cell lines and may be responsible for T 
cell specific inhibition of IL-4 gene transcription. The 
binding of both Neg-1 and Neg-2 are required for 
functional suppression of the gene (Li-Weber et al., 
1992). A positive regulatory element (PRE-1) has also 
been detected and shown to lie between positions -240 
and -223 (Li-Weber et al., 1992). Two additional 
regulatory elements, a CCAAT element and a 15- 
nucleotide IFN- and virus-stimulation response element 
(ISRE) have been shown to interact with IRF-2 (a 
transcription repressor of IFN genes) and a NF-1 like 
factor. NF-Y, a transcription factor involved in MHC 
class II expression, binds the CCAAT element as well as 
the “P sequence” (Li-Weber et al., 1994; Brown and 
Hural, 1997). T-cell subset expression is regulated by a 
silencer element and STAT6 (Kubo et al., 1997). 


3. The Protein 


The cDNA for human IL-4 encodes for a 153-amino- 
acid (aa) protein containing a 24-aa signal sequence. The 
mature IL-4 protein consists of 129 amino acids, 6 of 
which are cysteine residues (Figure 4.3). The protein 
exists as a monomer and contains two N-linked 
glycosylation sites at positions 38 and 105. The protein is 
N-glycosylated, but the exact site of glycosylation has yet 
to be determined, although it is known that position 38 
is occupied. No O-linked glycosylation occurs (Yokota et 


al., 1986; Le et al., 1988; Carr et ak, 1990). The 
deglycosylated protein has a molecular mass of 
approximately 15 kDa and the glycosylated material can 
have a molecular mass of 18-19 kDa up to a 60 kDa 
hyperglycosylated protein produced in yeast (Park et al., 
1987). Glycosylation of IL-4 does not seem to be 
important for biological activity (Le et al., 1988). 

The cysteine residues form three disulfide bonds 
(C-C, C-C mat C26 a Vindsenect al, 1990: 
Carr et al., 1990). All three disulfide bonds are required 
for full biological activity, but of the three, CC? 
appears the most important for the structural and 
biological integrity of the protein (Kruse et al., 1991). 
Human IL-4 has an isoelectric point of 10.5 and no sites 
of phosphorylation (Trotta, 1992). 

Three-dimensional studies of IL-4 show it to exist as a 
left-handed four-helix bundle with an up-up-down- 
down arrangement of the four helices. Two long loops, 
each consisting of two helical sections, run the length of 
the molecule (AB and CD) (Figure 4.4). A short region 
of B-sheet connects the two loops. The helices are held 
together by a core of hydrophobic side-chains whilst the 
exterior of the protein is highly hydrophilic (Walter et al., 
1992; Redfield et al., 1994b; Smith et al., 1994). The 
molecule is stable at extreme values of pH and is stable at 
4°C for more than 3 months (Windsor et al., 1991; 
Redfield et al., 1994b). 


4 Cellular Sources and Production 


IL-4 is mainly produced by subsets of the T lymphocyte 
lineage, mast cells and basophils. In humans, CD4* 
CD45RA™ (memory) cells produce the majority of IL-4 





Figure 4.3 The primary and secondary structure of the IL-4 protein. Cysteine residues are indicated by solid black 
circles and possible glycosylation sites are indicated by thick circles. 


56 A.R. MIRE-SLUIS 








Figure 4.4 The three-dimensional structure of IL-4. A 
schematic diagram showing the four-helix bundle 
folding of human IL-4 generated using MOLSCRIPT 
(Kraulis, 1991). This figure is kindly provided by 
C. Redfield and C.M. Dobson (Redfield, et al., 1994b). 


(DeKruyff et al., 1995), whereas only a proportion of 
CD8° T cell clones secrete detectable amounts of IL-4 
(Lewis et al., 1988; Yokota etal., 1988; Seder et al., 1992). 
IL-4 is induced in these cells via stimulation of the T cell 
receptor with lectins or antigen, CD3 or CD2 via addition 
of antibodies, or on addition of phorbol esters with or 
without the presence of calcium ionophore (Yokota et al., 
1988). Concanavalin A (Con A) induces mRNA 
expression peaking at 6-12 h but with a low transcription 
rate. mRNA decays after 90 min post stimulation. 
However, phorbol myristate acetate (PMA) increases Con 
A IL-4 expression by stabilizing mRNA (Dokter et al., 
1993). Signaling via the cAMP pathway in T cells appears 
to downregulate IL-4 production by Con A but not other 
stimulators (Borger etal., 1996). Mast cells can be induced 
to produce IL-4 via cross-linkage of high-affinity Fe 
receptors (Brown etal., 1987; Plaut et al., 1989, Tunon de 
Lara et al., 1994). There have been reports in mice that 
there is a population of splenic non-T non-B cells that can 
be induced to produce large quantities of IL-4 via 
activation of Fc, Ror Fcy RII (Ben-Sasson etal., 1990). IL- 
4 production can be induced in basophils after challenge 
with anti-IgE antibodies, FMLP or C5a (MacGlashan et 
al., 1994). Eosinophils produce IL-4 on addition of anti- 
IgE antibodies (Nonaka et al., 1995). 


5. Biological Activity 


The most striking features of the biological activity of IL- 
4 are the number of cell types on which IL-4 acts, the 


numerous activities it induces, and the plicotropic 
manner in which the activities occur. The function of IL- 
4 on any particular cell type appears to be heavily 
influenced by the state of activation of that cell and the 
different components of the surrounding environment 
(Callard, 199 Tespitseal 992). 


5.1 B CELLS 


5.1.1 Resting B Cells 


IL-4 alone does not induce resting B cells to proliferate, 
but does induce phenotypic changes and a small increase 
in cell volume (Yokota et æl., 1988; Valle et al., 1989). 
IL-4 induces expression of surface IgM, CD23, soluble 
CD23, CD40 and small increases of MHC class II 
(Noelle et al., 1984; Conrad et al., 1987; Gordon et al., 
1988; Shields et al., 1989). The increase in surface IgM 
does not cause an IL-4 induced increase in 
responsiveness to anti-IgM (Shields et al, 1989). 
Therefore, although IL-4 induces a certain degree of B 
cell activation, it is not providing a competent signal 
since it is unable to induce resting B cells to enter G1 in 
the cell cycle (Clark et al., 1989). IL-4 also plays a role in 
B cell chemotaxis (Komai-Koma et al., 1995). 


5.1.2 B Cell Proliferation 


IL-4 acts as a costimulator of B cell proliferation with 
anti-IgM (Howard et al., 1982). IL-4 can also induce 
proliferation in conjunction with Staphylococcus aureus 
(SAC) or phorbol ester and calcium ionophore, or 
immobilized anti-CD40 antibodies (Defrance et al., 
1992; Gordon et al., 1988; Valle et al., 1989). Antigen- 
stimulated B cells also proliferate in response to IL-4 
(Llorente et al, 1990). 


5.1.3 B Cell Differentiation and Ig Chain 
Switching 

IL-4 alone does not induce the secretion of 
immunoglobulin by B cells. B cells preincubated with 
SAC or with phorbol ester and ionophore secrete IgG 
and IgM and small levels of IgA (Banchereau et al., 
1994). IL-4 is able to induce B cells to produce IgE, but 
only in the presence of mononuclear cells or CD4" T cells 
(Pène et al., 1988a,b). IgG4 production is also induced 
in this manner (Lundgren et al., 1989). IL-6 has been 
identified as being involved in this process (Vercelli et al., 
1989). IL-4 is able to induce the switching of expression 
of cells from producing IgM to IgGl and/or IgE 
(Callard, 1991; Schultz and Coffman, 1992). Recently, it 
has been shown that highly purified human pre-B cells 
differentiate into IgG-secreting cells induced by IL-4 and 
CD4" T cells (Punnonen et al., 1993). In IL-4-deficient 
mice levels of IgGl and IgE are strongly reduced, 
although T and B cell development is normal (Kuhn et 
ake). 
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5.2 T CELLS 


IL-4 has been shown to promote the growth of T cells that 
have been preactivated by phytohemagglutinin (Yokota et 
al., 1986; Spits et al., 1987). Both activated CD8* and 
CD4 T cells proliferate in response to IL-4 and have an 
increased response to IL-2 (Mitchell et al., 1989). It is 
interesting that resting T cells treated with IL-2 are 
inhibited from proliferating in the presence of IL-4, 
although IL-4 has to be present throughout the culture 
period (Martinez et al., 1990). IL-4 can induce the 
expression of CD8 on CD4' T cells (Paliard et al., 1988; 
Hori et al., 1991). IL-4 regulates the induction of cell- 
mediated cytolytic activity by T cells and is inhibited by IL- 
12 p 40 (Abdi and Mermann, 1997). IL-4 added to mixed 
lymphocyte cultures early on and then removed results in 
inhibition of the generation of cytotoxic activity (Widmer 
et al., 1987; Horohov et al., 1988). However, if IL-4 
remains in the cultures throughout, an increased level of 
generation of cytotoxic activity occurs (Spits et al., 1988). 
IL-4 does, however, block the generation of antigen 
nonspecific T cell cytotoxicity (Spits et al., 1989). IL-4 
induces proliferation of postnatal thymocytes, resulting in 
the growth of CD3* thymocytes and the differentiation of 
pro-T cells into mature T cells (Barcena et al., 1990). In 
addition, IL-4 promotes T cell chemotaxis in association 
with other cytokines (Tan et æl., 1995). 


5.3 > MONOCYTES AND MACROPHAGES 


1L-4 has several effects on the surface antigen expression of 
monocytes. Addition of IL-4 to monocytes increases 
expression of class II MHC antigens, CD13, CD23 and 
CD18,CD11band CD11 c (Van Hal et æl., 1992; Vercilli et 
al., 1988; Littman et al., 1989; Te Velde et al., 1988). IL-4 
also down regulates expression of CD14, CD64, CD32 
and CD16 (Lauener et al., 1990; Te Velde et al., 1990a,b). 
Although IL-4 induces the differentiation of monocytes to 
macrophages (Te Velde etal., 1988) it inhibits macrophage 
growth (Jansen et al., 1989). IL-4 inhibits the production 
of a wide range of cytokines from stimulated monocytes 
(Hart et al., 1989; Essner et al., 1990; Standiford et al., 
1990; Cluitmans et al, 1994) whilst inducing the 
production of 1L-1 receptor antagonist, G-CSF and GM- 
CSF (Weiser et al., 1989; Fenton et al., 1992). The effects 
of IL-4 on the functional status of monocytes remains 
enigmatic. IL-4 enhances antitumor macrophage activity, 
yet it downregulates production of superoxide, metalo- 
proteinases and PGE, (Crawford et al., 1987; Abramson 
and Gallin, 1990; Corcoran et al, 1992). IL-4 also 
abrogates the monocytic activation activity induced by 
IFN-y (Te Velde et al., 1990a,b). 


5.4 HEMATOPOIESIS 


IL-4 alone does not affect the proliferation or 
differentiation of myeloid progenitors 7” vitro (Peschel et 


al 1987; Broxmeyer et al., 1988; Sonada et al., 1990). 
IL-4 enhances the growth of progenitors in the presence 
of G-CSF, IL-6 or IL-11, but inhibits colony formation 
in the presence of either GM-CSF, M-CSF or IL-3 
(Rennick et al, 1987, 1989; Vellenga et al., 1990; 
Jacobsen et al., 1995), although the inhibition appears to 
be restricted to the monocytic lineage (Jansen et akl., 
1989). IL-4 synergizes with EPO to produce modest 
growth of erythroid colony-forming units and 
dramatically increases the growth of erythroid burst- 
forming units (Rennick et al., 1987; Broxmeyer et al., 
1988). However, the combination of IL-3, or GM-CSF 
and EPO in the presence of IL-4 results in the inhibition 
of erythroid colony formation (de Wolf et al., 1990; 
Vellenga et al., 1993). IL-4 in combination with IL-3 
induces the proliferation and differentiation of precursors 
of basophils, mast cells and eosinophils into mature cells 
(Favre et al., 1990; Tsuji et al., 1990). 


5.5 LAK AND NK CELLS 


IL-4 alone is unable to induce lymphocyte-activated 
killer (LAK) cell activity in mononuclear cells and 
strongly inhibits IL-2 induced production of LAK cells, 
and particularly natural killer cells, when incubated 
throughout the culture (Spits et al., 1988; Banchereau, 
1990; Phillips et al, 1992). The inhibition of IL-2 
induced nonspecific cytotoxicity occurs at the induction 
stage, but does not affect the cytotoxic machinery of 
resting or preactivated NK cells (Nagler et al., 1988; 
Phillips et al, 1992). IL-4 inhibits IL-2-induced 
expression of CD69 and production of IFN-y by NK cells 
(Phillips et al., 1992). Preincubation of NK cells with IL- 
4 inhibits the adhesion of the cells to vascular endothelial 
cells (Paganin et al., 1994). 


5.6 OTHER CELL [YPES 


IL-4 upregulates the expression of CD23 on eosinophils 
and decreases their expression of Fcy receptors. This 
results in a reduced capacity to respond to IgG binding 
(Tanaka et al., 1989; Baskar et al., 1990). IL-4 also acts 
as a neutrophil activator since it stimulates the respiratory 
burst mediated by F-met-leu-phe (Boey et al, 1989; 
Bober et al., 1995). Mast cells and astrocytes grow in 
response to IL-4 (Banchereau et al, 1994; Lui et al., 
1997) whilst osteoblast growth is inhibited by IL-4 
(Riancho et al., 1993, 1995). IL-4 induces adhesion 
molecule expression on endothelial cells (Palmer- 
Crocker and Pober, 1995). 


6. IL-4 Receptor 


The human IL-4 receptor consists of two, possibly three, 
chains (Duschl and Sebald, 1996). An 1L-4-specific 
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binding & chain of 130-140 kDa has been cloned and 
shown to confer biological responsiveness to IL-4 (Galizzi 
et al., 1990; Backmann, 1990). The second chain of the 
IL-4 receptor is the 64 kDa chain of the IL-2 receptor 
(Takashita et al., 1992; Kondo et al., 1993; Russel et al., 
1993). There have been several reports of IL-4 binding 
proteins in the range of 60-70kDa, although the 
significance of these proteins (some possibly degradation 
products of the 130kDa receptor) remains unclear 
(Foxwell et al., 1989; Galizzi et al., 1989; Fanslow et al., 
1993; Gauchat et al., 1997; Dawson et al., 1997). IL-4 
binds directly to the 130 kDa receptor with a high affinity 
and the presence of the IL-2 y chain increases this affinity 
by 2-3-fold, although IL-4 does not bind this molecule 


233 aa 





directly (Russell et æl., 1993). Since the discovery of the 
role of the IL-2 y chain in IL-4 binding cells, it is difficult 
to interpret data provided previously concerning actual 
affinities and receptor numbers. However, direct binding 
of iodinated IL-4 to a wide variety of cell types reveals that 
most have between 100 and 400 IL-4 binding sites per cell 
(Urdal and Park, 1988; Ohara et al., 1987). The gene for 
the 130 kDa receptor exists on chromosome 16p11-12 
and encodes for a 800-aa protein containing a 24-aa 
transmembrane domain, a 207-aa cytokine binding 
domain, and a 569-aa intracellular domain (Figure 4.5) 
(Pritchard et al., 1991). The extracellular domain contains 
a WSXWS motif and four conserved cysteines from a 
superfamily of receptors of hematopoietic cytokines 


Y 


4 
` 


Extracellular 
binding 
domain 


Transmembrane 
domain 


Intracellular 
domain 


140 kDa 
800 aa 


IL-4r 


Figure 4.5 The structure of the receptors for human IL-4. Thick lines indicate the four conserved cysteines of the 
hemopoietic receptor family. Thin horizontal lines represent nonconserved cysteines. Vertical bars donate the 
WSXWS motif. The transmembrane domain is indicated by hatching. The criss-crossed section of the IL-2 receptor 
y-chain extracellular domain contains the leucine zipper sequence and intracellularly, the dotted section indicates 
the SH3 binding domain. 
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(Bazan, 1990; D’Andrea et al., 1990). The a chain is also 
glycosylated with bi-, tri-, and tetraantennary structures 
(Rajan et al., 1995). The 64 kDa IL-2 receptor y chain 
exists as a 347-amino-acid protein containing a 28-aa 
transmembrane domain, an 86-aa cytoplasmic domain, 
and a 233-amino-acid extracellular domain. The 
extracellular domain also contains the four conserved 
cysteines and the WS motif, together with a leucine zipper 
sequence (Takashita eż al., 1992). T cells stimulated with 
low concentrations of IL-4 or with phorbol ester, calcium 
ionophore, anti-CD23 or Con A increase levels of IL-4 
binding sites (Ohara and Paul, 1988; Armitage et al., 
I990). Activation of B cells with anti-IgM_ or 
Staphylococcus aureus appears to increase IL-4 receptor 
levels, but this may be due to increases in the size of the 
cells (Banchereau, 1990). Monocytes do not increase 
levels of IL-4 receptor in response to IL-4, but do respond 
to phorbol ester or Protein kinase A activators (de Wit et 
al., 1994). The IL-2 y chain is not present on 
nonlymphoid cells and could account for differences in 
the affinities and regulation of IL-4 receptors on different 
cell types (Takashita et al., 1992). Models of the 
mechanism of binding of IL-4 to its receptor suggest that 
a 1:1 complex is formed, leading to a dimerization of the 
a chain and the IL-2 y chain (Hoffman et al., 1994; 
Gustchina eż al., 1995; Duschl and Sebold, 1996). IL-4 
function can be transferred to the IL-2 receptor by 
transfection of tyrosine-containing sequences of the IL-4 
receptor @ chain (Wang et al., 1996). Structural studies 
illustrate that helices A and C of IL-4 provide & chain 
binding sites and helix D possibly IL-2 y chain binding 
(Müller et al., 1994; Reusch et al., 1994). 


7. Signal Transduction 


The biochemical events occurring on binding of human 
IL-4 to its receptor are only recently being reported to 
any extent and remain poorly understood, having been 
confused by a vast amount of data concerning the signal 
transduction of murine IL-4. It must be stressed that all 
available data pertaining to human IL-4 binding to 
normal human cells clearly shows that murine IL-4 uses 
distinctly different pathways for signal transduction. 
Addition of human IL-4 to resting human B cells has 
been reported to cause a transient increase of inositol 
1,4,5-trisphosphate and calcium levels followed by a 
sustained increase in cellular cyclic adenosine 
monophosphate (Finney et æl., 1990). However, there 
are also reports that these cells do not induce calcium ion 
release nor activate protein kinase C in response to IL-4 
(Clark et al., 1989; Galizzi et al., 1989; Banchereau, 
1990; Lee et al., 1993). IL-4 appears to utilize a tyrosine 
protein kinase and phosphatase system as part of its 
signaling mechanisms in a variety of human cell lines 
(Mire-Sluis and Thorpe, 1991; Kotanides and Reich, 


1993; Mire-Sluis et al., 1994). IL-4 induces the tyrosine 
phosphorylation of a nuclear factor termed IL-4-NAF 
which subsequently binds to the genes of IL-4-induced 
proteins (Kotanides and Reich, 1993). IL-4 induces 
serine/threonine phosphorylation of a set of substrates in 
the human B cell line SKW6.4 (Goldstein and Kim, 
1993). Protein kinase C translocates to the nucleus of 
monocytes treated with IL-4 (Arruda and Ho, 1992). 
IL-4 activates the nuclear factor STAT 6 and the kinase 
JAK I in T cells (Kotanides eż al., 1995; Kaplan et al., 
T990 Tiked a 27. 1996: Reichel er al, 1997 mame 
kinases JAK2 and JAK3 in B cells and carcinoma lines 
(Fenghao et al., 1995; Malabarba ez al., 1995; Murata et 
al., 1996), and MAP kinase in keratinocytes (Wery et al., 
1996). The insulin receptor substrate-] (IRS-1) is 
phosphorylated on growth inhibition by IL-4 (Schnyder 
et al., 1996), whereas IRS-2 is phosphorylated in 
hematopoietic cells (Sun et al., 1995). The data suggest 
that signaling mechanisms of IL-4 vary between cell types 
and are also dependent upon the specific biological 
responses elicited (Callard, 1991). Models have been 
proposed that may shed light on such a complex signaling 
network (Duschl and Sebold, 1996). 


8. Murine IL-4 


The gene for murine IL-4 has been cloned and exists on 
chromosome 11.5q23 (Lee et al., 1986; Noma et al., 
1986; D’Eustachio et al., 1988). The murine IL-4 gene 
spans 6 kb and consists of four exons coding for 44, 16, 
5I, and 29 amino acids, respectively. The gene includes 
three introns of 254, 4000 and 1300 base pairs (Arai, 
1987; Yokota et al., 1988). The murine gene promoter 
contains five cis-acting P sequences which mediate gene 
control by the nuclear factor NF(P). The gene also 
contains a Y box “'*CTGATTGG"”’ with homology to 
those of the MHC class II gene promoters (Szabo et al., 
1993). The gene can be induced through the activity of 
calcineurin (Kubo etal 1993). 

The gene encodes for a 140-aa protein that is clipped 
to produce the 120-aa mature IL-4 protein. The protein 
has a molecular mass of 13 558 Da, an isoelectric point of 
9.7, three possible glycosylation sites at 41, 71, 97, and 
three internal disulfide bridges (Grabstein et al., 1986; 
Ohara et al., 1987). The disulfide bridges are between 
C=G SC -C” and C’-C”® (Catr e a1, 1990). 
Production of murine IL-4 is similar to that of human 
IL-4 except that there is a more clear-cut subtyping of T 
helper cells (the T,,2 subtype) that produce IL-4 (Spits, 
1992). The biological activities of murine IL-4 are also 
similar to those for human IL-4. The murine IL-4 
receptor system is similar to the human receptor system 
described except for slight variations in the structure of 
the proteins involved. The 130-140kDa murine 
receptor has been cloned and codes for an 810-aa 
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precursor protein of the mature 785-aa mature receptor. 
The receptor contains a 22-aa transmembrane domain, a 
553-aa cytoplasmic domain and a 210-aa ligand-binding 
extracellular domain (Mosley et al., 1989; Harada et al., 
1990). The murine receptor also includes the four 
conserved cysteines and the WS motif. In addition to the 
130kDa protein, in the murine system an mRNA 
transcript exists that codes for a soluble IL-4 receptor 
(Mosley et al., 1989). The mRNA codes for a 37-40 kDa 
protein and has been shown to be produced by T cells, B 
cells, and macrophages and can be induced by IL-4 itself 
(Chilton and Fernandez-Botran, 1993). The soluble 
receptor has been found in different biological fluids in 
mice and has been proposed as a carrier for 1L-4 
(Fanslow et al., 1990; Fernandez-Botran and Vitetta, 
1990). 

There have been several reports covering the signal 
transduction pathways of murine IL-4, and reviews tend 
to mix data from human and murine sources (Duschl and 
Sebald, 1996). Although neither the 130 kDa receptor 
or the 1L-2 receptor y chain contains a kinase domain, 
addition of IL-4 to murine cells induces tyrosine 
phosphorylation of several substrates. In particular, a 170 
kDa substrate termed insulin receptor substrate-I (IRS- 
1) is phosphorylated together with a wide range of 
substrates in myeloid cells (Morla et a/., 1988; Isfort and 
Ihle, 1990; Wang et al., 1992; Keegan et al., 1994). IRS- 
I has also been found to be phosphorylated in a wide 
range of other cell types and normal B cells and T cells 
(Keegan and Pierce, 1994). The 130 kDa 1L-4 -receptor 
is phosphorylated on tyrosine residues on IL-4 addition 
in the HT-2 cell line (lzuhara and Harada, 1993). 1L-4 
does not induce inositol lipid metabolism or calcium 
changes (Justement et al., 1986; Mizuguchi et a1.41986). 
The c-fes protooncogene product, a non-receptor 
tyrosine kinase, is phosphorylated on tyrosine residues in 
T cell lines in addition of IL-4 and may mediate murine 
IL-4-induced tyrosine phosphorylation events (Izuhara 
et al., 1994). 


9, IL-41n Disease and Therapy 


As an immunomodulator with diverse biological 
activities, it is not surprising that IL-4 is present in the 
lesions associated with a variety of disorders. The 
presence or absence of IL-4. in disease has resulted in 
different strategies to increase IL-4 levels or inhibit its 
activity depending on the disorder. 


9.1 IL-4 ASSOCIATED PATHOLOGY 


Increased levels of IL-4 have been detected in biological 
samples from several disease states. Levels of IL-4 are 
increased in scleroderma, bronchial asthma, allergy, 
multiple sclerosis, autoimmune thyroid disease, atopic 


dermatitis, inflammatory bowel disease, endometriosis 
and systemic sclerosis (Needleman ef al., 1992; Renz et 
al., 1992; Bradding et al., 1993; Hirooka et al., 1993, 
Link et al., 1994; Matsumoto et al., 1994; Corrigan, 
1995; Imada et al., 1995; Nonaka et al., 1995; Salerno et 
al., 1995; Nielsen et al, 1996; Hsu et al, 1997; 
Hasegawa et al., 1997). 


9.2' IL-4 AS AN ANTITUMOR AGENT IN 
VITRO 


IL-4 appears to have antitumor activity on several 
different types of tumor cells 7 vitro. IL-4 inhibits the 
growth of tumorigenic ‘hemopoietic cells, such as 
Philadelphia positive acute lymphocytic leukemia, non- 
Hodgkin B-lymphoma, chronic lymphocytic leukemia, 
and chronic myogenous leukemia (Luo et al., 1991; 
Defrance et al., 1992; Okabe et al., 1992; Estrov et al., 
1993; Puri and Siegel, 1993; Reittie and Hoffbrand, 
1994). 1L-4 can also inhibit the growth of solid tumor 
cells ¿n vitro, such as those from melanoma, renal cell 
carcinoma, colon cancer, breast cancer, and lung cancer 
(Hoon et æl., 1991; Toi et al, 1992; Obiri Tami 1993; 
Puri and Siegel, 1993; Topp et ai., 1993). 


9.3 IL-4 IN ANTITUMOR THERAPY IN 
VIVO 


Several preclinical and phase 1 tnals of IL-4 have been 
undertaken (Leach et al., 1997a,b). IL-4 has a dose 
limiting toxicity of approximately 5-10 g/kg per day. 
Side-effects include flu-like symptoms, fatigue, diarrhea, 
vascular leak syndrome, elevated liver enzymes, and 
possibly myocardial toxicity (Atkins et al, 1992; 
Cornacoff et æl., 1992; Dean er al, 1992: Gill€ece ti ae 
1992; Ghosh et al, 1993; Prendiville et #Mm993; 
Sosman et al., 1994; Trehu et al., 1993). No significant 
solid tumor responses to 1L-4 have been reported to 
date. A phase II trial for renal cell carcinoma and 
malignant melanoma produced no responses, whilst an 
in-depth study of the monocytic responses of patients 
undergoing IL-4 treatment showed that monocyte 
responses (as zn vitro) are clearly depressed by 1L-4 
administration (Wong et al, 1992; Margolin et al., 
1994). A phase II study of 1L-4 treatment in metastatic 
renal cell carcinoma at 1 pg/kg three times weekly 
showed no responses (Stadler et al., 1995). Attempts are 
underway to increase success, through the use of IL-4, to 
stimulate the growth of tumor infiltrating lymphocytes in 
melanoma (Casanelli et al, 1994). In hematopoietic 
malignancies there have been a few partial responses 
using IL-4, although a great deal of work is required 
before such data becomes meaningful and IL-4 a useful 
antitumor therapeutic (Puri and Siegel, 1993). 
Intralesional injestion of IL-4 in a murine renal tumor 
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model led to a localized effect but no impact on 
subsequent metastasis (Younes et al., 1995). IL-4 has 
also been tested in the treatment of Kaposi’s sarcoma 
(Tulpule et al., 1997). 


9.4 IL-4 AND DIABETES 


Studies of mouse models of diabetes and some human 
stutlies illustrate the decreased responsiveness of T cells 
to stimulation through the T cell receptor (Zipris et al., 
1991a,b; Zier et l., 1984). Treatment of mice 
susceptible to developing diabetes with IL-4 not only 
reversed the T cell unresponsiveness but protected the 
mice from developing diabetes (Rapoport et al., 1993). 
IL-4 has, therefore, been suggested as a possible 
therapeutic for preventing diabetes (Robinson, 1994). 


9.5 THE THERAPEUTIC POTENTIAL OF 
THE SOLUBLE IL-4 RECEPTOR 


The production of recombinant murine soluble IL-4 
receptor has allowed the investigation of its effects tn vivo 
(Jacobs et al., 1991). The soluble IL-4 receptor can 
regulate alloreactivity responses and delay allograft 
rejection as well as inhibiting IgE responses (Fanslow et 
fie Manszewski et al., 1992: Sato et al, 1993, 
Renz et al., 1995). Although these responses may have 
clinical relevance, it has also been noted that the soluble 
receptor can enhance the activity of IL-4 in inducing IgE 
responses if added as a complex. The therapeutic 
potential of the soluble IL-4 receptor therefore needs 
further investigation. 
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l. Introduction 


IL-5 is produced by T lymphocytes as a glycoprotein 
with a molecular mass of 40-45 kDa and is unusual 
among the T cell-produced cytokines in being a 
disulfide-linked homodimer. It is a highly conserved 
member of a group of cytokines which are closely linked 
on human chromosome 5 (5q31). This gene cluster 
includes the genes for IL-3, IL-4, IL-9, 1L-13, and 
granulocyte-macrophage colony stimulating factor (GM- 
CSF). 

Two lines of research converged when it was 
demonstrated that two very different biological activities 
were properties of this molecule. Three main groups were 
working with the mouse B cell activity: Takatsu in Japan 
who considered the activity to be various forms of T cell- 
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replacing factor (TRF) (Takatsu eż al., 1988), Swain and 
Dutton in California, who used the term B cell growth 
factor II (BCGFIT) (Swain et al., 1988), and Vitetta in 
Texas, who called it B cell differentiation factor (BCDF) 
(Vitetta et al., 1984). In 1985 Takatsu’s group purified 
TRE and showed that it was identical to BCGFII (Harada 
et al., 1985). On the other hand, work on the production 
of eosinophils 2% yztro culminated in the identification of 
murine eosinophil differentiation factor (EDF) 
(Sanderson et al., 1985; Warren and Sanderson, 1985). 
These two lines of research came together in 1986, when 
EDF was purified and shown to be identical to BCGFII 
(Sanderson etal., 1986). These data were confirmed when 
the mouse (Kinashi et al., 1986; Campbell etal., 1988) and 
human (Azuma et al., 1986; Campbell et al., 1987) 
molecules were cloned and expressed and designated IL-5. 
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Thus IL-5 stimulates the production activation and 
survival of eosinophils in all species studied. It has activity 
on mouse B cells zn vztro; however, there is little strong 
evidence for an activity on mouse B cells în vivo. In man 
there is not yet any convincing evidence for an activity on 
B cells either 2m vitro or in vivo. Thus in man it is highly 
specific for the eosinophil/basophil lineage, and, while 
other cytokines have similar activities on eosinophils and 
basophils 2% vitro, these other cytokines are also active on 
other cell lineages. The extensive literature on mouse B 
cells has been reviewed elsewhere (Takatsu, 1992; 
Takatsu et al., 1992; Sanderson, 1994; Sanderson et al., 
1994) and will not be discussed in this review. 


2. Gene Structure and Expression 


The coding sequence of the IL-5 gene forms four exons 
(Figures 5.1 and 5.2). The introns show areas of 
similarity between the mouse and human sequences, 
although the mouse has a considerable amount of 
sequence (including repeat sequences) which are not 
present in the human gene. The mouse gene includes a 
738-base-pair segment in the 3’-untranslated region 
which is not present in the human gene and thus the 
mouse MRNA is 1.6 kb while the human is 0.9 kb 
(Campbell et al., 1988). Each of the exons contains the 
codons for an exact number of amino acids. The gene 
structure 1s also shared by other members of the cytokine 
gene cluster on chromosome 5 in man (Campbell et al., 


1987; Sutherland et al., 1988; van Leeuwen et al., 1989; 
Chandrasekharappa et al., 1990) and chromosome 11 in 
the mouse (J.S. Lee et al., 1989). Although there is no 
overall sequence homology, at either the nucleotide or 
amino acid level, between any of these cytokines, the 
localization and gene structural similarities suggest a 
common evolutionary origin (Sanderson et al., 1988), 
and thus they may be regarded as members of a gene 
family. 

Activation of T cells requires the interaction of the T 
cell receptor (TCR) complex with antigen (Ag) in 
association with the major histocompatibility complex, 
which leads to an increase in intracellular calcium 
concentration and protein kinase C activation 
(Perlmutter et æl., 1993). These processes can be 
bypassed by stimulating T cells with phorbol esters (e.g., 
phorbol myristate acetate, PMA) and ionomycin. 
However, engagement of accessory molecules on the T 
cell with additional ligands may deliver additional signals 
that affect lymphokine gene expression. Such a 
costimulatory signal can be provided by activating the 
CD28 ligand expressed on the surface of T lymphocytes 
(Jenkins and Johnson, 1993). Efficient production of IL- 
5 requires activation of both the TCR and a second 
signaling pathway. Both anti-CD28 (Wierenga et al., 
1991; Kuiper et al., 1994; Schandené et al., 1994) or 
cyclic AMP (cAMP) (HJ. Lee er al, 1993S) in 
combination with PMA were shown to be necessary for 
induction of IL-5 synthesis. 

Studies with T cell clones tn vitro suggest that IL-4 


0 ggatcctaatcaagaccccagtgaacagaactcgaccctgccaaggcettggcagtttccatttcaatcactgtcttcccaccagtatttt 


caatttcttttaagacagattaatctagccacagtcatagtagaacatagccgatctgaaaaaaacattcccaatatttatgtattttag 
cataaaattctgtttagtggtctaccttatactttgttttgcacacatcttttaagaggaagttaattttctgattttaagaaatgcaaa 
tgtggggcaatgatgtattaacccaaagattcttcgtaatagaaaatgtttttaaaggggggaaacagggatttttattattaaaagata 
aaagtaaatttattttttaagatataaggcattggaaacatttagtttcacgatatgccattattaggcattctctatctgattgttaga 
aattattcatttcctcaaagacagacaataaattgactggggacgcagtcttgtactatgcactttctttgccaaaggcaaacgcagaac 
gtttcagagccATGAGGATGCTTCTGCATTTGAGTTTGCTAGCTCTTGGAGCTGCCTACGTGTATGCCATCCCCACAGAAATTCCCACAA 
GTGCATTGGTGAAAGAGACCTTGGCACTGCTTTCTACTCATCGAACTCTGCTGATAGCCAATGAG 


902 ACTCTGAGGATTCCTGTTCCTGTACATAAAAAT 935 


1887 CACCAACTGTGCACTGAAGAAATCTTTCAGGGAAtAGGCACACTGGAGAGTCAAAC TGTGCAAGGGGGTAC TGTGGAAAGACTATTCAAA 


AACTtGTCCTTAATAAAGAAATACATTGACGGCCAAAAA 2015 


2120 AAAAGTGTGGAGAAGAAAGACGGAGAGTAAACCAATTCC CAGACTACCTGCAAGAGTTTCTTGGTGTAATGAACACCGAGTGGATAATAGAAAGTTGAga 


ctaaactggtttgttgcagccaaagattttggaggagaaggacattttactgcagtgagaatgagggccaagaaagagtcaggecttaat 
tttcagtataatttaacttcagagggaaagtaaatatttcaggcatactgacactttgccagaaagcataaaattcttaaaatatatttc 
agatatcagaatcattgaagtattttcctccaggcaaaattgatatacttttttcttatttaacttaacattctgtaaaatgtctgttaa 
cttaatagtatttatgaaatggttaagaatttggtaaattagtatttatttaatgttatqttaqtaqttctaataaaacaaaaataaqacaac 
tgttcaatttgctgctggcctctgtcttagcaattgaagttagcacagtccattgagtacatgceccagtttggaggaagggtctgagcac 
atgtggctgagcatccccatttctctggagaagtctcaaggttgcaaggcacaccagaggtggaagtgatctagcaggacttagtgggga 
tgtggggagcagggacacaggcaggaggtgaacctggttttctctctacagtatatccagaacctgggatggtgcagggtaaatggtagg 
gaataaatgaatgaatgtgctttccaagactgattgtagaactaaaatgagttgtaaggcgtcccctggaagaagggcagtgtgggaacc 
tgtaactaggttcctgcccagcctgtgagaagaatttggcagatcaatctcattgccagtatagagaggaagcecagaaacectctctgece 
aaggcectgcaggggttcttaccccacctgaccctgcaccataacaaaaggaacagagagacactggtagggcagtcccattagaaagact 
gagttccgtattcccgggggcagggcagcaccaggcecgcacaacactccattctgcctgcttatggctatcagtagcatcactagagatt 
cttctgtttgagaaaacttctcaaggatc 3240 


Figure 5.1 
polyadenylation signal is underlined. Genbank accession no.: J02971. 


EXON 1 


695 


EXON 2 


EXON 3 


EXON 4 


Sequence of the human IL-5 genomic gene. Coding sequences are shown in uppercase letters. The 


INTERLEUKIN-5 7l 





3 4 
465 


129 





Pstl 
Psti 


Hindi! —> 
—> 
—> 
BamHI —> 


Figure 5.2 Map of the human IL-5 gene. Exons are shown as boxes. Exon and intron lengths are indicated in base 
pairs, and some restriction enzyme sites are shown in the lower panel. 


and IL-5 are often coexpressed in clones designated T42 
(Coffman et al., 1989), and this provides a possible 
explanation for the frequent association of eosinophilia 
with high IgE levels. However, anti-CD3 induced the 
expression of IL-4, IL-5, and GM-CSF mRNA in mouse 
T cells, whereas treatment with IL-2 induced IL-5 
mRNA expression but did not induce detectable IL-4 or 
GM-CSF (Bohyjanen et al, 1990), suggesting that 
independent control mechanisms exist for the regulation 
of IL-4 and IL-5. These differences are emphasized by 
the observation that cAMP and PMA have different 
effects on the induction of different cytokines in the 
mouse lymphoma EL4. PMA induces IL-2 and IL-4 but 
has only a low effect on IL-5 induction. While cAMP 
markedly enhances the effect of PMA on the induction of 
IL-5, it has an inhibitory effect on IL-2, IL-3, and IL-10 
(H.J. Lee et al., 1993) and no effect on IL-4 (Chen and 
Rothenberg, 1994). In addition, T-cell hybrids 
expressing IL-5 and no other known lymphokine have 
been produced (Warren and Sanderson, 1985). This 
observation, together with the fact that eosinophilia can 
occur without increase in the expression of other 
lymphokine than IL-5, strongly supports the hypothesis 
that a unique control exists for this lymphokine. 
Corticosteroids inhibit IL-5 production both 2” vzvo 
and in vitro (Rolfe et al., 1992; Corrigan et al., 1993; 
Wang et al., 1993). This may be an important 
mechanism of corticosteroid activity in asthma. Both 
progesterone and testosterone induce IL-5 transcription, 
while dexamethasone is an inhibitor (Wang et al., 1993). 
FK506 and cyclosporin A (CSA), two powerful inhibitors 
of T cell activation (Schreiber and Crabtree, 1992), were 
found to give conflicting results regarding their effect on 
IL-5 expression. They were found to inhibit the 
transcription of IL-5 in human peripheral blood 
mononuclear cells (Mori et al, 1994), while CSA 
appeared to have no effect in mouse lymphoma cells 
(Naora and Young, 1994; Naora et al., 1994a,b). On the 


other hand, a strong effect of CSA on IL-5 transcription 
in mouse EL4 lymphoma cells has been observed (Karlen 
eran, 1O95): 

Little is known of the mechanisms that regulate 
expression of IL-5 in activated T cells. Expression of 
most cytokine genes appear to be predominantly 
regulated at the transcriptional level (Crabtree, 1989). 
Analysis of the mouse IL-5 promoter region revealed that 
a sequence spanning the region —37 to -51 upstream of 
the RNA initiation site is also present in the promoters of 
the IL-3, IL-4, and GM-CSF genes (Miyatake et al., 
1991). This conserved lymphokine element (CLEO) was 
found to be essential for GM-CSF (Masuda et al., 1993) 
and IL-5 (Naora et al., 1994a,b) promoter activity. We 
recently observed that the mIL-5 CLEO element 
mediates the induction signals generated by PMA/cAMP 
or PMA/anti-CD28 and is recognized by factors related 
to AP1 (Karlen et al., 1996). The complex binding to the 
CLEO/AP1 motif was found to contain c-fos and junB. 
As the regulation of sumB differs from the regulation of 
other members of the Jun family (de Groot et al., 1991; 
Kobierski et al., 1991), it has been suggested that 
different AP1 complex may be involved in cytokine gene 
expression and that the specificity for AP1 DNA binding 
may be provided by different signaling pathways 
resulting in differential cytokine gene expression (Su et 
al., 1994). The mIL-5 CLEO/AP1 complex appears 
therefore to be a key factor for induction of IL-5 
transcription. 


3. Protein Structure 


The human IL-5 precursor is 134 residues long, 
including a signal peptide of 19 amino acids (Figure 5.3). 
The proteins show 70% sequence similarity, which is most 
pronounced in the C-terminal part. This high degree of 


72 C.J. SANDERSON et al. 


OOOO nrteay ee Kien ws woken) oy Cae een lone) eokn 


-PESCBEBOQSOOEHEHOHOSOSE 
Q@ARREOEOREEHGE 





86 


00000 
Si 


0999090990909000 
POOROnROE” 


Cae 







© 


CS 





© 


7 


EOOD 


ERE 


Figure 5.3 Amino acid sequence of human IL-5. Disulfide bonds to the other monomer in the dimer are indicated. 


similarity explains the cross-species reactivity and 
immunological cross-reactivity observed between human 
and mouse IL-5 (Campbell et al., 1987). 

The secreted core polypeptide of hIL-5 corresponds 
to a calculated molecular mass of 13149kDa. 
Accordingly, E. coli-derived protein migrates as a single 
I3kDa band on SDS-PAA gels under reducing 
conditions. However, in the absence of reducing agent, a 
molecular mass of 27 kDa is found, which represents the 
dimer (Proudfoot et al., 1991). Likewise, the; various 
recombinant IL-5s expressed by eukaryotic cells have 
native molecular masses between 35 and 60kDa, 
changing to 16-32 kDa after treatment with reducing 
agents (Tominaga et al., 1990; Ingley and Young, 1991; 
Kunimoto et al., 1991; Guisez et al., 1993). It has been 
shown that IL-5 exists as a cross-linked homodimer in an 
antiparallel (head-to-tail) arrangement (Minamitake et 
al., 1990; McKenzie et al., 1991a,b) by S-S bridging 
between cysteine residues 44 and 86. Reduction and 
alkylation of the two cysteines in recombinant hIL-5 or 
mutation to threonine residues lead to a biologically 
inactive monomer (Minamitake et al., 1990; McKenzie et 
al., 199]Ta,b), illustrating that dimer formation via 
disulfide bonds is essential for biological activity. 

The variable, high molecular mass range observed for 
secreted IL-5 is explained by the heterogeneous addition 
of carbohydrate (O-linked glycosylation on Thr-3 and N- 
linked glycosylation on Asn-28) (Minamitake et al., 
1990; Tominaga et al., 1990). Mouse IL-5 has an 
additional N-linked glycosylation at position Asn-55, 
which is absent in hIL-5 (Kodama et al., 1993). Removal 
of the sugar moieties demonstrates that glycosylation is 
not necessary for receptor binding and biological activity 
in vitro (Tominaga et al., 1990; Ingley and Young, 1991; 


Kunimoto et al., 1991). Deglycosylated CHO-derived 
hIL-5 even shows a marked increase in activity, with O- 
linked glycosylation identified as the suppressor of 
bioactivity, while N-linked glycosylation appears to 
contribute to thermostabilization of the protein 
(Tominaga et al., 1990). 

Crystals have been obtained from recombinant hIL-5 
purified either from renatured E. coli inclusion bodies 
(Graber et al., 1993; Hassell et al., 1993) or from the 
Supernatant of baculovirus-infected Sf9 cells (Guisez et 
al., 1993) and the three-dimensional structure has been 
determined by x-ray diffraction at 2.4A resolution 
(Milburn etal., 1993; Tavernier etal., 1995) (Figure 5.4). 

The diffraction data reveal a two-domain structure in 
which each domain (i.e., monomer) adopts the typical 
cytokine fold, as described for other members of the 
interleukin /haematopoietin family (Figure 5.4). Never- 
theless, no significant sequence similarity exists between 
these proteins (Bazan, 1990). Typically, this fold consists 
of a four-helical bundle in an up—up, down-down array. 
However, IL-5 is unique among these structurally related 
cytokines in that one bundle is built up of three helices of 
one monomer, with the fourth helix (D’-helix swapping 
in Figure 5.4) being contributed by the second 
monomer. In addition, IL-5 also contains two short B- 
strands, located between helices A and B, and C and D, 
respectively, forming a small antiparallel B-sheet (B, with 
B^ in Figure 5.4). In contrast to the noncrystallographic 
2-fold axis found for the hIL-5 structure determined 
from E. coli-derived protein (Milburn et al., 19938 
hIL-5 from Sf9 cells crystallizes as an exact crystallo- 
graphic dimer (Tavernier et al., 1995). In the latter case, 
hIL-5 recovered from the crystals is fully biologically 
active (Guisez et al., 1993). One explanation for the 
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Figure 5.4 Tube drawing of the IL-5 dimer as determined by x-ray crystallography (Milburn et al., 1993). 


observed difference might be found in a differential 
folding behavior, as the E. coli-derived hIL-5 requires a 
denaturing /refolding procedure. 


3.1 STRUCTURE—FUNCTION ANALYSIS 
OF IL-5 


Using a series of human/mouse chimeric molecules, 
the species-specific interaction to the C-terminal one- 
third of human IL-5 has been investigated (McKenzie 
et al., 1991a,b). CNBr-cleavage studies confirmed this 
conclusion (Kodama et al., 1991). By mutating each of 
the amino acids on hIL-5 to the corresponding mouse 
residue, the interaction point has been localized to Asp- 
108, which lies at the C-terminal end of helix D, and to 
a lesser extent to Lys-84, which lies at the C-terminal 
end of helix B. Mutating only these two residues of 
hIL-5 to the mouse equivalent produces a molecule 
with the properties of mouse IL-5 (Cornelis et æl., 
P25) 

Further analysis by alanine scan has identified 
additional regions which contribute to the interaction 
with the a subunit: the loop between B-strand I and a- 
helix B, part of the B-strand 2, and the C-terminal region 
(Tavernier et al., 1995). The areas identified are located 
close to the central axis of the hIL-5 dimer. 

Although the interaction with the @ subunit is a 
prerequisite for receptor triggering, signaling occurs only 
upon association with the B, chain. Mutations at position 
13 of hIL-5 are deficient in their interaction with the B, 
chain and have antagonistic activities (Tavernier et al., 
1995), indicating that this residue is important for 
interaction with the B, chain. This observation correlates 
well with previous reports where homologous residues 
were identified in GM-CSF (residue 21) (Scanafelt et al., 
1991; Lopez et al., 1992c) and IL-3 (residue 22) (Lopez 
er nim 9 2b). 

Using, a solid-phase-based screening system, a class of 
isothiazolone derivatives have been identified which are 


potent inhibitors of the hIL-5/hIL-5Ra interaction. 
These compounds act through a covalent modification of 
the sulfhydryl group of the free cysteine at position 66, 
again pointing to the important role of the N-terminal 
domain in ligand binding (Devos et al., 1994). Using a 
panel of neutralizing antibodies, it has been predicted 
that the helix A-loop 2 region engages the IL-5RB. chain 
and the loop 3-helix D region engages the IL-5Ra chain 
(Dickason et al., 1996). 


4, Cellular Sources i 


Native mouse IL-5 has been isolated from T cell 
supernatants (Harada et al., 1985; Sanderson et al., 
1985), while human IL-5 has not been purified from 
natural sources. The recombinant proteins have been 
expressed using either prokaryotic or eukaryotic 
expression systems: biologically active recombinant 
human and mouse IL-5 have been produced in £E. coli 
(Proudfoot et al., 1991), Saccharomyces cerevisiae (Ingley 
and Young, 1991; Tavernier et al., 1989), baculovirus- 
infected Sf9 insect cells (Tavernier et al., 1989; Ingley 
and Young, 1991; Kunimoto et al., 1991; Guisez et æl., 
1993), and CHO cells (Minamitake ez al., 1990). 

Eosinophilia is T cell-dependent and it is therefore 
not surprising that the controlling factor is a F cell- 
derived cytokine (Sanderson et al, 1985). It is 
characteristic of a limited number of disease states, most 
notably parasitic infections and allergy. Clearly, as 
eosinophilia is not characteristic of all immune 
responses, the factors controlling eosinophilia must not 
be produced by all T cells. Similarly, as it is now clear 
that IL-5 is the main controlling cytokine for 
eosinophilia (see below), then if IL-5 has other 
biological activities it is likely that these will coincide 
with the production of eosinophils. 

All of the original reports on the characterization, 
purification, and cloning of murine IL-5 utilized T cell 
lines or lymphomas as the source of material, 
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suggesting that T cells are an important source of the 
cytokine. The fact that eosinophilia is a T cell- 
dependent phenomenon illustrates the central role of 
the T cell in producing 1L-5. However, the 
demonstration that 1L-5 and other cytokine mRNAs 
are produced by mast cell lines opens the possibility 
that these cells may serve to amplify the development of 
eosinophilia (Plaut ez al., 1989; Burd et al., 1989). 
Similarly, the observation that human Epstein-Barr 
virus-transformed B cells produce IL-5 raises the 
possibility that B cells may be an additional source of 
this cytokine (Paul et al, 1990). Furthermore, 
eosinophils themselves have been demonstrated to 
produce 1L-5 (Broide et al, 1992). It is not clear 
whether the non-T cell-derived 1L-5 plays a significant 
biological role in the development of eosinophilia. 

Eosinophilia has been observed in a significant 
proportion of a wide range of human tumors. ln many 
cases the presence of eosinophils has been found to be of 
positive prognostic significance (reviewed in Sanderson, 
1992). Clearly, it is important to understand the 
mechanism of production of these eosinophils. In a study 
of Hodgkin disease with associated eosinophilia, all 16 
cases gave a positive signal for IL-5 mRNA by in-situ 
hybridization (Samoszuk and Nansen, 1990). This 
suggests that IL-5 may be responsible for the production 
of eosinophils in these cases, and raises the possibility that 
eosinophilia in other tumors may also be due to the 
production of 1L-5 by the tumor cells. 


5. Biological Activities 


One of the features of eosinophilia which has attracted 
the curiosity of hematologists for several decades is the 
apparent independence of eosinophil numbers of the 
numbers of other leukocytes. Thus, eosinophils are 
present in low numbers in normal individuals but can 
increase dramatically and independently of the number 
of neutrophils. Such changes are common during the 
summer months in individuals with allergic rhinitis (hay 
fever), Or in certain parasitic infections. Clearly, such 
conditions will result in more broadly based 
leukocytosis when complicated by other infections. 
Although this specificity, has been known for many 
years, somewhat surprisingly, it isnot easy to find clear 
examples in the early literature. More recently, in 
experimental infection of volunteers with hookworms 
(Necator americanus), it was noted that an increase in 
eosinophils was the only significant change (Maxwell ez 
al., 1987), and our own work with Mesocestoides corti in 
the mouse demonstrated massive increases in 
eosinophils, independent of changes in neutrophils 
(Strath and Sanderson, 1986). This biological specificity 
suggests a mechanism of control that is independent of 
the control of other leukocytes. This, coupled with the 


normally low numbers of eosinophils, provides a useful 
model for the study of the control of hematopoiesis by 
the immune system. 

Liquid cultures of murine bone marrow produce 
neutrophils for extended periods without exogenous 
factors Dexter) chad lo/ T It appears that “the 
microenvironment of these cultures maintains the 
production of neutrophil precursors. No eosinophils are 
seen in the absence of exogenous factors, but 1L-5 
induces their production. This is lineage-specific, as only 
eosinophil numbers are increased in these cultures 
(Sanderson et al., 1985). In contrast, both IL-3 and GM- 
CSF induce eosinophils as well as other cell types, most 
notably neutrophils and macrophages in bone marrow 
cultures (Campbell et al., 1988). The production of 
eosinophils is considerably higher when the bone marrow 
is taken from mice infected with M. corti than it is from 
normal marrow. This suggests that marrow from infected 
mice contains more eosinophil precursors than marrow 
from normal mice (Sanderson et al., 1985). Essentially 
similar results are obtained with human bone marrow 


cultures, where 1L-5 induces the production of 
eosinophils in liquid culture (Clutterbuck and 
Sanderson, 1988; Clutterbuck et al, 1989) and 


eosinophil colonies in semisolid medium (Clutterbuck 
and Sanderson, 1990). 


5.1 EOSINOPHIL PRODUCTION IN VIVO 


As 1L-5 is normally a T cell product and the gene is 
transcribed for only a relatively short period of time after 
antigen stimulation, transgenic mice in which 1L-5 is 
constitutively expressed by all T cells have been produced 
(Dent et al., 1990). These mice have detectable levels of 
IL-5 in the serum. They show a profound and lifelong 
eosinophilia, with large numbers of eosinophils in the 
blood, spleen, and bone marrow. This indicates that the 
expression of IL-5 is sufficient to induce the full pathway 
of eosinophil differentiation. If other cytokines are 
required for the development of eosinophilia, then either 
they must be expressed constitutively or their expression is 
secondary to the expression of the IL-5 gene. This clear 
demonstration that the expression of the IL-5 gene in 
transgenic animals is sufficient for the production of 
eosinophilia provides an explanation for the biological 
specificity of eosinophilia. It therefore seems likely that 
because eosinophilia can occur without a concomitant 
neutrophilia or monocytosis, a mechanism must exist by 
which IL-5 is the dominant hematopoietic cytokine 
produced by the T cell system in natural eosinophilia. An 
interesting observation with these transgenic animals was 
that, despite their massive, long-lasting eosinophilia, the 
mice remained normal. This illustrates that an increased 
number of eosinophils is not of itself harmful, and that the 
tissue damage seen in allergic reactions and other diseases 
must be due to agents which trigger the eosinophils to 
degranulate. 


5.2 MECHANISM OF CONTROL OF 
EOSINOPHILIA 


Although it has become clear that IL-5 is the controlling 
factor in eosinophilia (Sanderson, 1992), the mechanisms 
which allow a selective production of IL-5 and thus 
provide a selective increase in eosinophils remain 
unknown. Furthermore, in other diseases eosinophils are 
not observed in significant numbers, suggesting that the 
expression of IL-5 is not induced in these cases. The 
cellular pathology typical of particular diseases may reflect 
the induction of different cytokines by the immune 
system, in response to different antigenic exposure. 

It has been suggested that murine helper T cells fall 
into two groups (T helper-1] and T helper-2), the former 
producing predominantly interferon (IFN-y) and IL-2, 
and the latter producing IL-4 and IL-5. This hypothesis 
provides an explanation for the frequently observed 
association between high levels of IgE antibody and 
eosinophilia, but does not provide an explanation for 
many of the complexities seen in the pathology of 
different diseases. For example, in the mouse IL-4 and 
IL-5 are thought to be the two major lymphokines in the 
control of antibody production; thus this classification 
leaves open the question of how antibody responses are 
controlled in the absence of eosinophilia. While the 
variety of cellular and antibody responses in different 
infections suggests some form of selection for T cells 
producing different patterns of cytokines, no clear 
mechanism has emerged to explain this selective 
response. The association between eosinophilia and 
helminth infections or allergic reactions could result 
either from features in common between the antigens 
involved in these reactions or from features in common 
between the tissues in which the immune system 
encounters these antigens. Clearly, understanding of 
these processes will be an important step forward in our 
understanding of the immune system, and these 
preliminary attempts to understand functional subsets in 
T cells are a basis for future studies. 

An important approach to the understanding of the 
biological role of IL-5, was the administration of 
neutralizing antibody which blocked the production of 
eosinophils in mice infected with Trichinella spiralis 
(Coffman et al., 1989). More recently the ablation of the 
IL-5 gene in mice was shown to block the production of 
eosinophils in both a lung sensitisation with ovalbumin 
and in parasite infection. Furthermore, and contrary to 
previous studies, no obligatory role for IL-5 in antibody 
responses could be demonstrated (Kopf et al., 1996; 
Foster et al., 1996). These experiments illustrate the 
unique role of IL-5 in the control of eosinophilia in this 
parasite infection. They also show that the apparent 
redundancy seen i” vitro, where both IL3 and GM-CSF 
are also able to induce eosinophil production, does not 
operate in vivo. Furthermore, IL-5 plays no role in the 
development of IgE antibody (this activity is controlled by 
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IL-4), or in the development of the granuloma seen 
surrounding schistosomes in the tissues (Sher et al., 1990). 


5.3 ACTIVATION OF EOSINOPHILS 


The ability of eosinophils to perform in functional assays 
can be increased markedly by incubation with a number 
of different agents, including IL-5. The phenomenon of 
activation is apparently independent of differentiation. It 
appears to have a counterpart în vivo, as eosinophils from 
different individuals vary in functional activity. It has 
been demonstrated that the ability of eosinophils to kill 
schistosomula increases in proportion to the degree of 
eosinophilia (Hagan et al., 1985). This is consistent with 
a common control mechanism for both the production 
and activation of eosinophils in these cases. 

The first observations on selective activation of human 
eosinophils by IL-5 showed that the ability of purified 
peripheral blood eosinophils to lyse antibody-coated 
tumor cells was increased when IL-5 was included in the 
assay medium (Lopez et æl., 1991). Similarly, the 
phagocytic ability of these eosinophils toward serum- 
opsonized yeast particles was increased in the presence of 
IL-5. There was a 90% increase in surface C3bi 
complement receptors, as well as an approximately 50% 
increase in the granulocyte functional antigens GFA] and 
GFA2. Later studies demonstrated that IL-5 increases 
“polarization”, including membrane ruffling and 
pseudopod formation, which appear to reflect changes in 
the cytoskeletal system. IL-5 also induces a rapid increase 
in superoxide anion production by eosinophils (Lopez et 
al., 1991). In addition, IL-5 increases the survival of 
peripheral blood eosinophils. 

A further interesting observation in this context was 
the demonstration that IL-5 is a potent inducer of Ig- 
induced eosinophil degranulation, as measured by the 
release of eosinophil-derived neurotoxin (EDN). IL-5 
increased EDN release by 48% for secretory IgA and 
136% for IgG. This enhancing effect appeared by 15 min 
and reached a maximum by 4 h (Fujisawa et al., 1990). 
The finding that secretory IgA can induce eosinophil 
degranulation is particularly important because 
eosinophils are frequently found at mucosal surfaces 
where IgA is the most abundant immunoglobulin. 


5.4 BASOPHILS 


The most pronounced effect of IL-5 on cells other than 
eosinophils in man, is the effect on basophils. While early 
studies suggested that IL-5 induced only eosinophils 
(Clutterbuck and Sanderson, 1990; Clutterbuck and 
Sanderson, 1988; Clutterbuck et al., 1989), a detailed 
study by electron microscopy of cells produced in human 
cord blood cultures revealed a small number of basophils 
(Dvorak et al., 1989). Other studies have shown that IL- 
5 primes basophils for increased histamine production 
and leukotriene generation (Bischoff et al., 1990; Hirai et 
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al., 1990), and basophils in the blood clearly express the 
IL-5 receptor (Lopez et al., 1990). Thus while the effect 
of IL-5 on the production of basophils may be minor, the 
priming effect on mature basophils appears to be of 
significance in the allergic response. 

In view of the well-characterized activity of IL-5 on 
mouse B cells, it was surprising when no activity could be 
demonstrated in a wide range of human B cell assay 
systems (Clutterbuck et al., 1987). This lack of activity of 
human IL-5 has been confirmed in many different 
systems (Hagan et al., 1985; Bende et al., 1992). In 
contrast to the demonstration of IL-5 receptors on 
human eosinophils and basophils, discussed above, there 
are no reports of IL-5 receptors on human B cells. Until 
the true biological role of IL-5 in the mouse B cell system 
is understood, it is unlikely that the human activity will 
be clarified. 


6. IL-5 Receptor 


6.1 THE IL-5 RECEPTOR COMPLEX 


The interleukin-5 receptor (IL-5R) consists of a and B 
subunits (Figure 5.5). The a subunit is ligand-specific, 
which it binds with intermediate affinity in man (K, ~ 
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Figure 5.5 Diagram of the IL-5 receptor, consisting of a 
ligand specific œ chain and the B, chain. These proteins 
are made up of ~100 residue domains, and cytokine 
receptor modules consisting of two domains. The ß 
chain consists of two modules while the œ chain has one 
module and an additional N-terminal domain. WS-WS 
motif shown as heavy bar, disulfide bonds are indicated 
by fine lines. 


500 pM to 1 nM) and low affinity in the mouse (K, ~ 
5-10 nM). Upon association with the œ subunit, a high- 
affinity binding of approximately 150 pM is observed for 
both species. The B subunit does not have any detectable 
affinity for IL-5 by itself (Devos et al., 1991a,b; Takaki et 
al., 1991; Tavernier et al 1991; Murata et al., 1992). 
The dissociation rate of mIL-5 from the a/B-complex is 
considerably slower (4, > 1 h) than from the low-affinity 
binding site (tf). < 2 min) (Devos et al., 1991a,b). IL-5 
binds to its receptor with unidirectional species 
specificity: mIL-5 binds with comparable affinities to 
both murine and human g subunits, but hIL-5 displays a 
100-fold lower binding affinity for the murine æ chain, 
compared to its human counterpart. 

The use of the B subunit is shared with IL-3 and GM- 
CSF (Kitamura et al., 1991; Tavernier et al., 1991), 
which both also have their own specific a subunits. For 
this reason, the B subunit is often referred to as B- 
common or B. This observation provides the molecular 
basis for the overlapping biological activities of these 
cytokines (Lopez et al., 1992a,b; Nicola and Metcalf, 
1991). When the IL-5R œ and B subunits are 
coexpressed with the œ subunits of IL-3 and GM-CSF, all 
three ligands will cross-compete for high-affinity 
binding. Interestingly, this cross-competition follows a 
hierarchical pattern: IL-3 = GM-CSF > IL-5. 

The biological repertoire of IL-5, and also IL-3 and 
GM-CSF, is dependent on the expression pattern of their 
receptor @ subunits. In the case of human IL-5, this 
expression is most prominent on eosinophils and 
basophils. In the mouse, in addition to these cell types, 
IL-5-specific binding sites are also found on activated B 
cells and some cell lines (Mita et al., 1988; Rolink et al., 
1989). No comparable expression on B cells has been 
described so far in man. Depending on the relative 
expression levels of the two receptor subunits, only high- 
or both intermediate- (low in the mouse) and high- 
affinity receptors can be observed. In general, on human 
eosinophils or eosinophilic cell lines, only one class of 
high-affinity receptor is found (Plaetinck et al., 1990; 
Ingley and Young, 1991; Lopez et al., 1991; Migita et 
al., 1991). In contrast, on both murine eosinophils and 
B cells, two affinities are often detected (Mita et al., 
1989; Barry et al., 1991). 


6.2 RECEPTOR SUBUNIT GENES 


The human IL-5Re gene is located on chromosome 3 in 
the region 3p26, which is syntenic with the murine 
chromosome 6 location (Isobe et al., 1992: Tuypens et 
al., 1992). The human and mouse B, subunit gene loci 
are at chromosomes 22q12.3-13.1 and at chromosome 
15, respectively (Gorman et al., 1992; Shen et al., 1992); 
AIC2A and AIC2B are closely linked. The gene 
organization of both receptor subunits is highly con- 
served and reflects their relationship with the cytokine/ 
hematopoietin receptor superfamily (Tuypens et al., 


1992; Imamura et al., 1994), although the B, subunit 
gene is highly polymorphic (Freeburn et al., 1996). 

There is a unique czs-element of the IL-5Ra gene that 
appears to regulate the activity of its promoter activity 
(Sun et al., 1996). Using a luciferase reporter construct, 
the promoter was found to be fairly myeloid and 
eosinophil lineage specific. Furthermore, the region 
between —432 and —398 was implicated for the promoter 
activity in the eosinophilic HL-60-C115 cell line. This 
region does not contain consensus sequences for known 
transcription factors, suggesting myeloid or even 
eosinophil-specific regulatory elements. Further insight 
into the transcriptional regulation of this highly 
eosinophil/basophil-specific gene might help to 
understand the critical steps involved in the commitment 
of the multipotential myeloid progenitors. 


6.3 ALTERNATIVELY SPLICED FORMS 
OF IL-5Ra 


Human eosinophils express through differential splicing 
three different transcripts from the same IL-5Ra locus 
(Tuypens et al., 1992; Tavernier et al., 1992). As a result, 
in addition to the membrane-anchored receptor, two 
soluble isoforms can be produced. Intriguingly, one of 
these soluble variants is the predominant (>90%) 
transcript detected in mature, circulating eosinophils or 
in eosinophils obtained from cord blood cultures. This 
major soluble isoform arises from splicing to a soluble- 
specific exon, which preceeds the exon encoding the 
transmembrane anchor (Tavernier et al., 1992). 

This soluble hIL-5Ra isoform can be produced in 
heterologous systems such as Cos] cells or Sf9 cells, and 
has antagonistic properties im vitro. lt inhibits the 
proliferation of 1L-5-dependent cell lines, and also blocks 
the IL-5-induced differentiation from human cord blood 
cultures (Tavernier et al., 1991). So far, however, 
translation of the message encoding this soluble variant 
in eosinophils ¿n vitro or circulating soluble h1L-5Ra im 
vivo has been found. cDNAs encoding soluble receptor 
variants have also been detected in mouse B cells (Takaki 
et al., 1990). They originate from a different splicing 
switch (Tavernier et al., 1992; Imamura et al., 1994). 


6.4 RECEPTOR PROTEINS 


Chemical cross-linking of hlL-5 on its receptor complex 
allows the detection of the œ and B. subunits as 
approximately 100kDa and 160-170kDa bands. 
Subtraction of the cross-linked IL-5 indicates sizes of 
60 kDa and 120-130 kDa. The nucleotide sequence of 
hIL-5Ra cDNA predicts a polypeptide of 420 residues 
(Tavernier et al., 1991, 1992; Murata et al., 1992 It is 
characterized by a 20-residue N-terminal signal peptide, 
followed by a 322-aa long extracellular domain, a 
membrane anchor spanning 20 residues and a 58-aa long 
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cytoplasmic tail. The predicted molecular mass for the œ 
chain is 45.5 kDa, suggesting N-linked gylcosylation of 
one or more of the 6 potential N-glycosylation sites (and 
perhaps O-glycosylation). The B. subunit totals 897 
amino acids, including a predicted signal sequence of 16 
residues, a 27-aa long membrane spanning domain and a 
cytoplasmic domain of 430 amino acids. This subunit is 
also likely to be glycosylated. 

Both receptor chains belong to the cytokine/ 
hemopoietin receptor superfamily (Bazan, 1990), which 
is characterized by a modular structure, each module 
having a seven B-sheet scaffold (de Vos et al., 1992). The 
hIL-5R a chain has three such domains: a juxta- 
membrane module containing a canonical Trp-Ser-Xxx- 
Trp-Ser motif (often referred to as WS-WS box); a central 
module containing four conserved cysteines involved in 
two disulfide bridges; and a third N-terminal module 
which is related to the WS-WS containing module 
(Tuypens et al., 1992). The B, subunit has a tandem array 
of the WS-WS and cysteine-containing modules. 

The exact stoichiometry of œ and B, subunits within 
the receptor complex remains unknown. Despite the 2- 
fold symmetrical structure of IL-5, which opens the 
possibility for two receptor binding sites, association with 
only one œ subunit is seen in solution (Devos et al., 
1993). A full high-affinity complex including @ and B, 
subunits cannot be reconstituted in solution (Devos, 
unpublished data). Perhaps steric hindrance or induced 
conformational changes may explain this observation. 
Consequently, the soluble hIL-5Ra subunit can act as an 
antagonist (see below). Whilst the data from solution 
binding experiments suggest the presence of only one & 
subunit in the complex, the stoichiometry of B, subunits 
remains more elusive. It is also still unclear whether 
preformed af. complexes exist on the cell membrane. 

The interaction with the B. subunit causes a 2—3-fold 
increase in hlL-5 binding affinity, but gives a much more 
pronounced affinity conversion in the case of hGM-CSF 
(20-200-fold) (Hayashida et al., 1990) or hIL-3 
(500-1000-fold) (Kitamura et al., 1991). This indicates 
that differences may exist in the way these three cytokines 
interact with the same B. subunit, and correlates with 
observations on their nonreciprocal cross-competition 
(see above). In a mutagenesis study, the importance of 
the region Y°°-1°° was shown for the GM-CSF and 1L- 
5, but not for IL-3, binding. These residues are located 
in a loop region, and interact with the Glu-21 of hGM- 
CSF, and therefore possibly with the homologous Glu- 
13 of hIL-5 (Woodcock et al., 1994). 


6.5 STRUCTURE—-FUNCTION ANALYSIS 
OF IL-5Ra 


A cross-species approach was used to localize IL-5 
binding regions on the hIL-5R œ subunit. Cos] cells 
transfected with a series of chimeric receptors were tested 
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for binding of both human IL-5 and mouse IL-5 as a 
control. It was concluded that the first half of the N- 
terminal module contains most critical residues involved 
in species-specific ligand binding. By subsequently sub- 
stituting all residues differing between human and mouse 
within this region, the critical role of residues Asp-56 and 
Glu-58 could be demonstrated (Cornelis et al., 1995), 


6.5.1 Identification of Receptor Domains 


The R, chain has a relatively long cytoplasmic domain 
(~430 amino acid residues) (Gorman et al., 1990; 
Hayashida et al., 1990; Itoh etal., 1990) compared to the 
& chains, which have rather short intracellular tails (~55 
amino acid residues) (Gearing et al., 1989; Takaki et al., 
1990; Kitamura et al., 1991; Tavernier et al., 1991). It has 
been demonstrated previously that the B. chain is 
indispensable for signal transduction. Studies using a 
sequence of deletions in the human 8. receptor 
cytoplasmic domain have shown that at least two distinct 
regions are important for GM-CSF growth signaling 
(Sakamaki et al., 1992). A membrane-proximal domain 
upstream of residue 517 containing a proline-rich element 
that is conserved among many cytokine receptors is 
essential for growth stimulation and for induction of c-myc 
and pim-l. A distal region of ~140 amino acid residues 
(between positions 626 and 763) is required for activation 
of ras, Raf-1, MAP kinase and p70 S6 kinase, as well as 
induction of c-fos and c-jun (Sato et al., 1993). Upon 
ligand binding, the B. receptor molecule is tyrosine- 
phosphorylated although the significance of this event is 
unclear. Deletion analysis of the B, receptor cytoplasmic 
domain suggests that the phosphorylation site is 
dispensable for mitogenic signaling (Sakamaki ‘et al., 
1992). However, it might be important for transducing 
alternative signals involved in differentiation or activation. 
Since these cytokines induce tyrosine phosphorylation of 
SH2-containing proteins (Wang et al., 1992; Corey et al., 
1993), phosphorylation of the receptor can generate 
binding sites for signaling molecules such as p85 PI3 
kinase, PLCg, Vav and Shc (Koch et al., 1991). The latter 
is thought to link receptor triggering to ras signaling 
(Pelicci et al., 1992). Tyrosine phosphorylation may also 
be involved in downregulation of the receptor as 
phosphorylation of the mIL-3R increases its susceptibility 
to protease degradation (Mui et al., 1992). 

It has been reported that the cytoplasmic domains of 
the œ subunits of GM-CSF/IL33/IL-5 receptors are 
required for signal transduction (Sakamaki et al., 1992; 
Takaki et al., 1993; Weiss et al., 1993). Deletion of the 
cytoplasmic domain of the œ subunits does not affect the 
binding affinity but abrogates biological response, 
suggesting that the œ subunits are not only required for 
cytokine binding but are also important for signal 
transduction. Moreover, it also opens the possibility that 
& receptor chains may transmit cytokine-specific signals. 
In order to map critical residues required for signal 
transduction in the cytoplasmic domain of the human IL- 


5R om chain, a series of mutant receptors have been 
constructed. These were transfected in mouse BaF/3 
cells expressing the resident mouse f, chain (also known 
under the acronym AIC2B). All receptors were expressed 
and tested for IL-5 binding. As for the mouse receptor, 
the cytoplasmic domain of the hIL-5Ra subunit was 
found to be dispensable for ligand binding and 
association with the B. chain. BaF/3 cells transfected 
with wild-type receptor can proliferate with hIL-5. In 
contrast, when the hIL-5Ra lacking the entire 
cytoplasmic tail was used, transfected cells were unable to 
grow with IL-5. The cytoplasmic domain is encoded by 
two separate exons. The carboxy-terminal part, which 
corresponds to the second exon, shows no significant 
sequence conservation between man and‘ mouse. 
Deletion of this segment did not affect growth signaling. 
Within the region encoded by the first exon of the o 
chain of IL-5, a short fragment of homology with IL-3 
and GM-CSF receptors can be observed (Kitamura et al., 
1991). This fragment contains a proline-rich element 
called “box1” that was first identified in the cytoplasmic 
region of the IL-6 signal transducer gp130 and that is 
conserved in almost all members of the cytokine receptor 
family (Murakami et al., 1991), including the B. subunit. 
Substitutions of conserved prolines or hydrophobic 
amino acid residues within this element abrogated 
growth signaling. Mutations in conserved residues 
outside box1 did not affect signal transduction. 

By analogy with other cytokine receptor systems, it is 
likely that IL-5 induces heterodimers between @ and B 
chains and that interaction of cytoplasmic regions of the 
dimerized receptor components is important for 
signaling. However, receptor complexes involving more 
than two components cannot be excluded. Despite its 2- 
fold symmetrical axis, human IL-5 dimer binds only one 
soluble receptor œ subunit (Devos et al, 1993). 
Therefore, the IL-5 R complex probably contains only one 
& chain. The stoichiometry of binding of the B, subunit is 
more elusive at present, also because association with B, 
can only be observed with membrane-anchored receptors 
and not with soluble variants (our own observations). 
Although no physicochemical evidence for a B-dimer has 
been found so far, the formation of a GM-CSF receptor 
complex consisting of one GM-CSF œ chain and two B. 
receptors has been suggested by Budel et al. (1993). A 
chimeric receptor consisting of the extracellular domain of 
the murine erythropoietin (EPO) receptor and the 
cytoplasmic region of AIC2A (a murine B, subunit 
homolog) can transmit an EPO-dependent growth 
response indicating that EPO-induced homodimerization 
of cytoplasmic 8, elements is sufficient for signaling (Zon 
etal., 1992), On the other hand, the cytoplasmic re gion of 
IL-5Ra is absolutely required for signal transduction 
(Takaki eż al., 1993). It remains to be established whether 
the proline-rich sequence of IL-5Ra is essential for this 
dimerization (multimerization) of B. or whether it 
interacts directly with a downstream signaling molecule. 


In the latter model, cross-linking of two boxI -containing 
receptors, as is the case for both aß heterodimerization or 
BB homodimerization should be sufficient to trigger 
signaling. : 

The studies described above all evaluate the role of 
various receptor components in growth stimulation. 
However, IL-5 induces not only proliferation but also 
differentiation in eosinophils. Further studies are 
required to determine whether IL-5-specific signal 
transduction pathways exist and, if so, which regions of 
the cytoplasmic domain of IL-5Ro@ are required. 


7. Signal Transduction Pathway 


Many tyrosine-phosphorylated proteins have been 
described in human and mouse cells stimulated with IL- 
5, GM-CSF, and IL-3 (Morla et al., 1988; Isfort and 
Ihle, 1990; Murata et al, 1990). The B.-chain, in 
contrast to the a-chains, becomes tyrosine 
phosphorylated upon receptor triggering (Sorensen et 
al., 1989; Sakamaki et al., 1992). The importance of 
tyrosine phosphorylation as a major event in signal 
transduction is illustrated by the observation that specific 
inhibitors of tyrosine kinases such as herbimycin A inhibit 
the growth response to these cytokines (Satoh et al., 
1991). Activation of tyrosine kinases leads to the 
activation of Ras and phosphorylation of Raf, a Ser/Thr 
kinase (Satoh et al, 1991; Kanakura et al, I991). 
However, activation of Ras or Raf alone is not sufficient 
to abrogate the requirements for GM-CSF and IL-3 
(Rein et al., 1985), suggesting that these cytokines 
activate multiple signal transduction pathways. It has 
been shown that IL-5 induces activation of STATS as 
well as a 45 kDa MAP kinase and Jak-2 kinase (JAK2) in 
human eosinophils, suggesting a role for tyrosine 
phosphorylation in IL-5 signaling (Caldenhoven et al., 
1995; Bates et al., 1996). 

Although most attention has been focused on tyrosine 
kinases, the action of tyrosine phosphatases is also 
essential. 

The common receptor B, chain shared by these three 
cytokines provides a molecular basis for the observation 
that IL-5, IL-3, and GM-CSF induce similar 
phosphorylation patterns and have several overlapping 
biological activities, especially on eosinophils and 
basophils. However, the fact that these cytokines do 
exhibit some different activities on these cells suggests 
that the œ chain may have some controlling activity 
(Seelig et al., 1994). 


7 1 IDENTIFICATION OF CYTOPLASMIC 
COMPONENTS 


Despite the absence of kinase domains in their receptors, 
cytokines rapidly induce tyrosine phosphorylation of 
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cellular substrate proteins as well as of the receptors. The 
rapid induction of tyrosine phosphorylation, the 
phosphorylation of receptor chains, and the detection of 
protein kinase activity in receptor immunoprecipitates 
have led to the hypothesis that a protein tyrosine kinase 
physically associates with the receptor and becomes 
activated upon ligand binding. Recently, a number of 
studies have shown that cytokine receptors associate with 
and activate members of the JAK family of protein 
tyrosine kinases including JAK], TYR, JAK3 
(previously called L-JAK) and probably more (Ihle et al., 
1994). Members of this family have tandem nonidentical 
catalytic domains and a large extracatalytic segment 
(Darnell et al., 1994). Involvement of JAK2 tyrosine 
kinase in IL-3-mediated signal transduction has been 
reported (Silvennoinen et al., 1993). In Ba/F3 cells 
transfected with hIL-5Ra, JAK2 also becomes 
phosphorylated upon IL-5 stimulation. Interestingly, 
phosphorylated B. receptor could be coprecipitated with 
anti-JAK2 antibodies, suggesting that both molecules are 
physically associated. Mutations in the cytoplasmic 
domain of the hIL-5Re that knock out biological activity 
also abrogate activation of JAK2. This shows that 
phosphorylation of JAK2 also requires an intact proline- 
rich boxI sequence. Moreover, it is an indication that 
JAK2 is a crucial step in IL-5 signaling. 

Activated JAKs phosphorylate the receptors as well as 
cytoplasmic proteins belonging to the family of DNA 
binding proteins called STATs (signal transducers and 
activators of transcription) (Ihle et æl., 1994). These 
factors form a complex with homologous or 
heterologous subunits and migrate to the nucleus, where 
they bind to specific DNA regions. Importantly, tyrosine 
phosphorylation is required for complex formation and 
nuclear translocation. IL-5 as well as IL-3 and GM-CSF 
induce phosphorylation of a 90kDa protein in 
transfected TFI cells. This size corresponds to what has 
been reported for STAT proteins. It has been reported 
that certain STAT proteins recognize the IFN-y response 
region (GRR) located in the promoter of the FcyRI gene 
(Larner et al., 1993). Electrophoretic mobility shift 
assays with a “P-labeled GRR probe show that IL-5, 
IL-3, and GM-CSF activate DNA-binding complexes in 
cytoplasmic extracts of TFl cells. Remarkably, 
stimulation with cytokines and subsequent lysis were 
carried out at 4°C, suggesting that receptor, kinase, and 
DNA-binding proteins must be in intimate contact with 
each other at the moment of receptor activation. 


8. Clinical Implications 


8.1 ASSOCIATION BETWEEN IL-5 AND 
EOSINOPHILIA 


Evidence consistent with a key role for IL-5 in the 
control of eosinophilia comes from studies on 
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eosinophilia in different diseases. If IL-5 were not the 
primary controlling factor in eosinophilia, it could be 
expected that cases of eosinophilia would exist without 
IL-5. As the following examples illustrate, eosinophilia in 
a wide variety of diseases is associated with IL-5 
expression. 

The development of eosinophilia in mice infected with 
T. canisis accompanied by the appearance of IL-5 mRNA 
in the spleen (Yamaguchi et al., 1990). A comparison of 
the production of cytokines by normal individuals and by 
eosinophilic patients infected with the filarial parasite Loa 
loa gave interesting results. It was found that both 
groups produced similar levels of IL-3 and GM-CSF, 
but, whereas the normals gave relatively little IL-5, the 
cells from infected patients produced high levels of IL-5 
(Limaye et al, 1990). Elevations in IL-5 precede 
eosinophilia in onchocerciasis (Hagan et al., 1996). 
Significant levels of IL-5 were also detected in the serum 
of patients with idiopathic hypercosinophilia (Owen et 
al., 1989), and in patients with the eosinophilic-myalgia 
syndrome resulting from the ingestion of L-tryptophan 
(Owen et al., 1990). Patients with eosinophilia associated 
with Hodgkin’s disease were found to have IL-5 mRNA 
in the tumor cells, and a patient with angiolymphoid 
hyperplasia with eosinophilia (Kimura disease) was found 
to have constitutive expression of IL-5 mRNA in lymph 
node tissue (Inoue et al., 1990). 

Asthma is associated with an inflammatory reaction 
involving infiltration of eosinophils, and in-situ 
hybridization on mucosal bronchial biopsies indicated 
local expression of IL-5 which correlated with the 
number of infiltrating eosinophils (Hamid et al., 1991). 
IL-5 has been detected in the bronchoalveolar lavage 
fluid of patients suffering pneumonia with distinct 
eosinophil involvement (Allen et al., 1996). In addition, 
IL-5 is detected in several allergic disorders (Egan et al., 
1996). 


8.2 TISSUE LOCALIZATION 


Another aspect of the pathology of diseases characterized 
by eosinophilia is the preferential accumulation of 
eosinophils in tissues. As the blood contains both 
eosinophils and neutrophils, there must exist a specific 
mechanism that allows the eosinophils to pass 
preferentially from the blood vessels to the tissues. It is 
likely that IL-5 plays a role in this, for the following 
reasons. 

The different tissue distribution of eosinophils in the 
two transgenic mouse systems probably results from the 
different tissue expression of IL-5. Using the 
metallothionein promoter, transgene expression was 
demonstrated in the liver and skeletal muscle, and 
eosinophils were observed in these tissues (Tominaga et 
al., 1990). In contrast, the CD2-IL-5 mice with IL-5 
expression in T cells did not have eosinophils in the liver 
or skeletal muscle (Dent et al., 1990). This suggests that 


eosinophils migrate into tissues where IL-5 is expressed. 
There are two mechanisms which might explain this. 
First, IL-5 is chemotactic for eosinophils (Yamaguchi et 
al., 1988; Wang et al., 1989). Second, IL-5 hasebeen 
shown to upregulate adhesion molecules on eosinophils. 
Thus it was demonstrated that IL-5 increased the 
expression of the integrin CD11b on human cosinophils 
(Lopez et al., 1986), and this increased expression was 
accompanied by an increased adhesion to endothelial 
cells. Adhesion was inhibited by antibody to CD11b or 
CD18, suggesting that the integrins are involved in 
eosinophil adhesion to endothelial cells (Walsh et al., 
1990). More recently it has been shown that eosinophils 
can use the integrin VLA4 (CD49d/CD29) in 
adherence to endothelial cells. In this case the’ligand is 
VCAM-1. In contrast, neutrophils do not express VLA4 
and do not use this adherence mechanism (Walsh et al., 
1991). IL-5 has also recently been identified as the major 
eosinophil chemoattractant in the asthmatic lung (Venge 
et al., 1996) and is present in lesions of severe atopic 
dermatitis (Ishii et al., 1996). Elevations of IL-5 have 
been detected in the autoimmune disease primary biliary 
cirrhosis (Krams et al., 1996). 

Thus, the critical role of IL-5 in the production of 
eosinophilia, coupled with a better understanding of the 
part played by eosinophils in the development of tissue 
damage in chronic allergy, suggests that IL-5 will be a 
major target for a new generation of anti-allergy drugs. 
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l. Introduction 


Fahreas in 1921 noted that the erythrocyte 
sedimentation rate (ESR) was higher in serum from 
patients with inflammation compared to serum of those 
without. Not recognized until much later, this may have 
been the first observation of a manifestation of specific 
activity of 1L-6, the induction of liver acute-phase 
proteins. In 1945 Homburger described a factor from 
purile exudate that induced fibrinogen responses 
(Homburger, 1945). The ESR and levels of another 
liver-derived acute-phase protein, C-reactive protein, and 
indeed more recently IL-6 itself, are currently used as 
measures of inflammation or clinical infection. Mixtures 
of cytokines that probably included IL-6, described as 
endogenous pyrogens or leukocyte endogenous 
mediator, were being characterized in the 1960s and 
1970s. These products caused fever and marked increases 
in serum acute-phase proteins upon injection into 
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techniques in the 1970s and molecular cloning (1980s) 
showed that 1L-6 was indeed among the impure 
preparations of previous studies that had such dramatic 
effects in viyo. 

As has been the case for several other cytokines, the 
nature of individual i vitro activities of 1L-6 had been 
pursued by several different investigators before the 
realization that one pleiotrophic molecule (1L-6) was 
responsible for what apparently seemed quite unique 
biological actions. In the mid 1980s it was realized that 
molecules termed B cell stimulatory factor, interferon-B,, 
26-kDa protein, macrophage granulocyte inducing 
factor 2 (MGI1-2), hybridoma growth factor, and 
hepatocyte stimulating factor were due to a single 
polypeptide of molecular masses ranging from 19 kDa to 
28 kDa, later designated interleukin-6 (Poupart et al., 
1987; Sehgal et al., 1987). Other functions were rapidly 
attributed to IL-6 as reviewed previously (Wong and 
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Clark, 1988; Kishimoto, 1989; Revel, 1989; Akira et al., 
1990a), and more current studies are still identifying 
novel functions (see biological activities). IL-6 has 
important roles in inflammation, immunity, and 
hematopoiesis, and is found in serum and body fluids at 
levels that are active in bioassays in vitro. Elevated levels 
are significantly associated with many different disease 
states, and data from administration of exogenous IL-6 
or antibodies to IL-6, and from transgenic and knockout 
mice, have yielded much information on the in vivo 
biological significance of this molecule. A number of 
excellent reviews examining different aspects of IL-6 
actions have been published (Kishimoto and Hirano, 
1988; Kishimoto, 1989; Revel, 1989; Heinrich et al., 
1990; Van Snick, 1990; Baumann and Gauldie, 1994). 
In addition, proceedings of meetings with an entire focus 
on IL-6 and IL-6-type cytokines are available, including 
two volumes of Annals of the New York Academy of 
Sciences (volume 55, 1989 and volume 62, 1995) as well 
as volume 88 of Serono Symposia publications entitled 
“IL-6: Physiopathology and Clinical Potentials”, edited 
by M. Pevel, 1992. In addition, it is now clear that a 
group of cytokines share various bioactivities with IL-6 
and have been described as IL-6-type cytokines or gp130 
cytokines, on the basis of common utilization of the 
gp130 signal transducing molecule. IL-6 is the first- 
characterized and most-studied of this group, which also 
includes leukemia inhibitory factor (LIF), interleukin-I1 
(IL-11), oncostatin M (OM), ciliary neurotropic factor 
(CNTF), and more recently cardiotrophin-1. 


2. The IL-6 Gene 


Human IL-6 is transcribed from a ~5 kb gene that con- 
tains four exons and six introns, and is spliced to a mature 
mRNA that is 1.2 to 1.3 kb (Yasukawa et al., 1987). The 
human gene has been localized to the short arm of 
chromosome 7 (p15-21) (Sehgal et al., 1986) and the 
mouse IL-6 gene to chromosome 5 (Billiau, 1987). 


2.1 GENOMIC ORGANIZATION 


The gene structure (see Figure 6.1) is similar to that of 
granulocyte colony-stimulating factor G-CSF (Tanabe et 
al., 1989; Hirano et al., 1989a)ané other members of the 
IL-6 family (Bruce et al., 1992). The major RNA start site 
at +l is accompanied by a minor second RNA start site at 
approximately —21 (Zilberstein et æl., 1986). Three 
polyadenylation sites have been identified in human and 
mouse genes, but these do not result in substantial 
differences in mRNA size in these species (see Section 8). 
The cDNA sequence has been published for human 
(Haegeman et al., 1986; Hirano et al., 1986; Zilberstein 
et al., 1986), bovine (Nakajima et al., 1993), porcine 
(Richards and Saklatvala, 1991), rat (Northemann et al., 


1989) and mouse (Van Snick et al., 1988; Fuller and 
Grenett, 1989). The predicted coding region (~636 bp in 
human) encodes 212 amino acids and the 3’ noncoding 
region (500 bp followed by poly(A) tail) encodes 
multiple copies of the AUUUA motif that is important in 
mRNA stability (Caput et al., 1986; Shaw and Kamen, 
1986; Cosman, 1987) (see Figures 6.1 and 6.2). 


2.2 TRANSCRIPTION CONTROL 


IL-6 expression can be induced by a broad range of cell 
stimuli, and different mechanisms may act individually or 
coordinately to enhance transcription. Phorbol ester and 
cytokines such as IL-1 and TNF are very strong inducers 
of IL-6 production (Walther et al., 1988). Various groups 
have examined targets of signal transduction within the 
promoter region of human 1L-6. These targets include the 
DNA-binding regions that are specific for nuclear factors 
referred to as nuclear factor for 1L-6 (NFIL-6, both a and 
B), also termed CCAAT element binding protein 
(C/EBPB and y); nuclear factor for kappa light chain in B 
cells (NF«B); activator protein-1 (AP-1); cAMP response 
element binding protein (CREB); glucocorticoid 
receptor (GR) (Ray et al., 1989; Isshiki et al., 1990; Poli et 
al., 1990; Chen-Kiang et al., 1993). These sequences can 
be found within 200 bp of the transcriptional start site (see 
Fig. 6.2). Within cells stimulated by IL-1, NFIL-6a@ and 
-B as well as NF«B bind to their respective sites within the 
IL-6 promoter and activate transcription of downstream 
reporter genes (Akira et al., 1990b; Libermann and 
Baltimore, 1990; Isshiki et al., 1990; Zhang et al., 1990). 
NFIL-6a@ and -B appear to act as heterodimers to enhance 
transcription more effectively (Kinoshita et al., 1992) and 
NFIL-6 and NFkB can _ heterodimerize, suggesting 
interactive control of the IL-6 promoter (LeClair et al., 
1992). Both sites appear critical for maximum expression 
of IL-6. Cyclic AMP-inducing agents including PGE 
have been found to enhance transcription (Zhang et al., 
1988) and more recently it has been suggested that 
elevated cAMP enhances efficiency of multiple regulatory 
sites including NFIL-6 and NF«B (Dendorfer et Aim 
1994). Glucocorticoids inhibit IL-6 expression (Ray et 
al., 1990; Waage et al., 1990) and this appears to act at the 
transcriptional level through the ability of glucocorticoid 
receptor to bind AP-1 (Ray et al., 1990) or NFxB p65 
(Ray and Prefontaine, 1994) and inhibit binding of these 
factors to DNA. 

Other regulatory factors have recently been implicated 
in IL-6 transcription. The tumor suppressor gene p53 
inhibited IL-6 promoter-driven transcription upon 
overexpression (Santhanam eż æl., 1991) while expression 
of p53 mutants did not. Wild-type retinoblastoma 
susceptibility gene (Rb) was also capable of repressing 
serum-induced IL-6 promoter-driven indicator 
expression in Hela cells (Santhanam et al, 199] if 
Furthermore, expression vectors encoding adenovirus 
EIA proteins E1LA289R and E1A243R caused a marked 
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Figure 6.2 IL-6 gene structure: (a) restriction map; (b) exon and intron size; (c) promoter region. Modified from 
Hirano et al., 1986; Ray et al., 1990. 


repression of IL-6 promoter-driven activity upon 
transfection into Hela cells or HepG2 cells (Janaswami et 
al., 1992). A cell line stably transfected with EA was 
incapable of responding to IL-l or TNF in induction of 
IL-6. The mechanisms may involve interfering with 
binding of nuclear factors that normally participate in IL- 
6 gene regulation (Janaswami et al., 1992). Interestingly, 
on the other side of the coin, IL-6 was able to inhibit 
p53-induced apoptosis of myeloid leukemia cell lines 
(Yonish-Rouach et al, 1991) and suppress 
phosphorylation of Rb in hematopoietic cells (Resnitzky 
et al., 1992). In addition, NF-IL-6 could substitute for 
adenovirus ElA in IL-6-stimulated HepG2 cells and 
bind to and stimulate transfected ElA promoters 
(Spergel and Chen-Kiang, 1991; Spergel et al., 1992). 
Thus IL-6 and its mechanisms of action may interact with 
those of adenovirus expressed proteins. 

IL-1l-induced signal transduction has been studied in 
detail; however, the entire intracellular pathway by which 
a target gene such as IL-6 is regulated is not yet clear. IL- 
l receptor activation activates the phosphorylation of 
inhibitor of KB (IkB), and thus its disassociation from 
NFX«B which allows nuclear localization of NF«KB. IL-1 
receptor-ligand interaction also activates a cascade in 
which Raf and MAP kinase/ERK are phosphorylated 
(Bird et al., 1992; Kishimoto et al., 1994) apparently 
through a different pathway from IKB phosphorylation. 


Activation of the membrane-associated GTP-binding 


protein p21 Ras may be an early event in this process, 
although it is not clear whether this is the only pathway 
in activation of MAP kinase. MAP kinase has been shown 
to phosphorylate NFIL-6 at threionine (residue 235) 
which results in transcriptional activation of the IL-6 
gene (Nakajima et al., 1993). 

IL-1 also acts to modulate the mRNA stability of IL-6. 
T'NF-stimulated cells were found to possess IL-6 mRNA 
with a short half-life (<1 h); however, IL-1-stimulated 
cells possessed IL-6 mRNA with a half-life of greater than 
6h (Ng etal., 1994). The mechanism by which this occurs 
is not Renee, The AUUUA sequences in 3’ noncoding 
region of IL-6 mRNA may play a role (Caput et al., 1986; 
Cosman, 1987). This sequence binds particular protein 
species (Malter, 1989) which may act as modulators of 
RNA degradation or as targets for other mechanisms. 
Thus, multiple stimuli can activate IL-6 expression and 
this can occur at transcriptional and mRNA stability levels. 
This presumably underlies the importance of the role of 
this cytokine in bodily functions. 


3. The IL-6 Protein 


Heterogeneity of preparations of IL-6 has been described 
by different laboratories, molecular masses ranging from 


19 kDa to 30 kDa. Murine IL-6 lacks glycosylation, and 
human IL-6 shows microheterogeneity in size due to 
extent of glycosylation (Van Snick et al., 1988; Fuller and 
Grenett, 1989; May et al., 1988a, 1989). As a product of 
monocytes or macrophages, IL-6 has N- and O-linked 
glycosylation and is also phosphorylated at various serine 
residues (May et al., 1988b). The IL-6 precursor peptide 
is 212 amino acids in size (211 in rat and mouse; 210 in 
bovine) and a typical signal sequence is cleaved off to 
make approximately 186-amino-acid mature forms, with 
an isoelectric point of ~5 (see Figure 6.3). For all species 
for which the IL-6 sequence is known, it shows four 
cysteine residues in conserved locations (rat IL-6 encodes 
an additional cysteine residue) and a number of 
consensus glycosylation sites (Asn-Y-Ser/Thr). Disulfide 
bonds play an important role in the correct folding of 
tertiary structure where linkages have been assigned 
between cysteine residues at C“*~-C*°, and between 
C-C** (Savino et al., 1993). The homology of rat and 
mouse IL-6 is quite close at the amino acid level (93%), 
whereas human IL-6 is less homologous to these 
sequences and more to porcine (60%) and bovine (65%) 
IL-6. Recombinant derived IL-6 from E. cols or 
mammalian expression systems is available from many 
sources and products are stable at -20°C when stored in 
appropriate buffered conditions. 

Data analysis suggests that the structure of IL-6 
protein shows significant homology to IL-11, LIF, 
oncostatin M, and GM-CSF (Bazan, 1991; Rose and 
Bruce, 1991). The tertiary structure of IL-6 has not yet 
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been solved by crystallography, but homology of 
hydrophobic and hydrophilic amino acids in a-helices is 
well conserved in comparison to a-helices of G-CSF 
(Bazan, 1990, 1991), as well as the two disulfide bridges 
that tether the molecule’s structure. Models based on the 
x-ray crystallographic structure of bovine G-CSF have 
been altered to accommodate insertions and deletions tn 
the loop regions (Savino et al., 1993) to predict the IL-6 
tertiary structure (see Figure 6.4). Thus IL-6 appears to 
be composed of a bundle of four antiparallel a-helices, A 
and B helices connected by a long AB loop, C and D 
helices connected by a CD loop (Savino et al., , 1993). 
Since antibodies to peptides at either end of the IL-6 
protein inhibit bioactivity (Brakenhoff et al., 1990), the 
interaction with its receptor complex appears to involve 
multiple sites on the three-dimensional structure (see 
Section 6). 

1L-6 acts as a monomeric entity on cells; however, in 
serum /plasma it can be found bound to various proteins 
that may or may not modify its bioactivity. ©,- 
Macroglobulin can act as a carrier for 1L-6 (Matsuda et 
al., 1989) as can complement components (Borth et al., 
1989). Analysis of IL-6 bioactivity from serum clearly 
shows multiple-size complexes suggesting that various 
serum proteins can bind but still allow IL-6 to interact 
with its receptor (May et al., 1992). In vitro studies 
suggest that IL-6 complexed to the soluble form of IL- 
6R can activate signal transduction if added to HepG2 
cells that possess membrane gp130 (Taga et al., 1989; 
Hibi et al., 1990; Mackiewicz et al., 1992). The role of 
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IL-6 amino acid sequence. (Taken from Hirano et al. (1986).) 
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Figure 6.4 IL-6 tertiary structure. Depicted is a ribbon 
model of IL-6 tertiary structure. (Taken from Savino et al. 
(1993, 1994).) 


soluble IL-6 receptor and modulation of function in 
other systems or 7” vivo remains to be fully understood 
(see Section 6). 


4. Cellular Sources and Production ` 


A large number of cell types can express IL-6 in vitro. 
Various cytokines and other agents induce IL-6 
expression, while glucocorticoids, for example, are 
potent inhibitors of IL-6 production. IL-6 is not stored 
preformed in cells to any great degree. Upon cell 
stimulation and increase in IL-6 mRNA levels, rapid 
synthesis of protein and secretion occur. 
Monocytes/macrophages may be the first to release IL-6 
upon inflammation. The monocyte/macrophage 
products IL-I and TNF are strong inducers of IL-6 
release from stromal cell populations such as fibroblasts, 
endothelial cells, and keratinocytes among others. These 
represent a significant number of ¢ells which potentially 
add to the rapid rise in local synthesis of IL-6, and thus to 
systemic levels. Intravenous injection of TNE can result 
in a very rapid increase in circulating IL-6, presumably 
derived from endothelial cells (Jablons et al, 1989). 
Assessment of IL-6 levels in biological fluids has shown 
its presence in a wide variety of disease states (see Section 
9), many of which are associated with inflammation. 
Levels may be seen to increase 10°- to 10*-fold in serum 
in certain conditions. Since many cells can express IL-6 
in vitro, the same may be reflected in vivo. However, 


assessment of which cells are expressing IL-6 in each of 
these conditions im vivo is not as clear. In-situ 
hybridization studies have not been productive in 
pinpointing IL-6-expressing tissue in disease states. 
Examination for specific positive cells in the context of 
many cells expressing small amounts of IL-6 may be 
fraught with technical difficulties. 

IL-6 is produced by monocyte/macrophages in 
response to stimuli such as LPS (May et al., 1988a; 
Gauldie et al., 1987); IL-Im (Bauer et al., 1984, 1988); 
TNE (Bauer et al., 1988; May et al., 1988a); IFN-y and 
GM-CSF (Navarro et al., 1989); fibrin fragments D,E 
(Ritchie and Fuller, 1983); protease complexes 
(Kurdowska and Travis, 1990),.and some drugs (Stepien 
et al., 1993) as well as possibly metal cations (Scuderi, 
1990). IL-6 production in monocytes is inhibited by IL- 
4 (Donnelly et al., 1993); IL-10 (de Waal Malefyt et al., 
1992; Howard and O/’Garra, 1992) and 
glucocorticosteroid (Woloski et al., 1985; Waage et al., 
1990; Amano enal, 1992). 

Also a source of marked amounts of IL-6 in vitro, 
fibroblasts from various tissues can be stimulated by IL- 
la, IL-1B (Poupart et al., 1987; Guerne et al., 1989; 
Sehgal et al., 1987; Haegeman et al., 1986); TNF-a, 
TNF-B (May et al., 1988a, 1989; Richards and 
Saklatvala, 1991); PDGF (Kohase et al., 1987); LPS 
(Helfgott et al, 1987); oncostatin M (Richards and 
Agro, 1994); PGE (Zhang et al., 1988); and viruses 
(Sehgal et al., 1988); but not IL-4 (Donnelly et al., 
12993); 

In addition, other cells have been reported to produce 
IL-6 upon stimulation, such as endothelial cells with IL- 
I/TNF (Jirik et al., 1989; Podor et al., 1989) or 
oncostatin M (Brown et al., 1991); chondrocytes with 
IL-1 (Bunning eż al., 1990; Malejczyk et al., 1992); 
epithelial cells with IL-1/TNF (Luger et al., 1989b); 
keratinocytes with IL-1 (Kupper et al., 1989); bone 
marrow stroma with IL-I (Chiu eż al., 1988) in which 
IL-6 is inhibited by estradiol (Jilka et al., 1992); 
astrocytes and microglia with IL-I/TNF (Frei et al., 
1989; Rose-John and Heinrich, 1994); mesangial cells 
(Horii et al., 1988); T cells and B cells (Hirano et al., 
1990; Horii et al., 1988); and mast cells (Leal-Berumen 
et al., 1994). 


5. Biological Activities of IL-6 


A large array of effects of IL-6 include those which 
primarily act in a local environment, such as at sites of 
inflammatory cell and lymphocyte interaction and 
activation. These activities may be autocrine or paracrine 
in nature, depending on responding cells. IL-6 also acts 
in an endocrine fashion, such as regulation of systemic 
effects of distant target organs in acute inflammation. As 
with many other cytokines, the half-life of injected IL-6 


protein zn viyo is relatively short. This has made 
exogenously administered IL-6 effects more difficult to 
analyze; however, some interesting results are available. 
IL-6 transgenes and IL-6 knockout mice also provide 
valuable information on the zm vzvo biological functions 
of this molecule (see Section 8). 


4 
5.1 FUNCTIONS IN IMMUNE CELLS 


1L-6 induces responses in B cells, T-helper cells, 
cytotoxic T lymphocytes (CTL), and natural killer (NK) 
cells 2m vittro, implying an importance in many aspects 
of immunity (reviewed in Kishimoto, 1989; Van Snick, 
1990). 1L-6 is well established as a late-stage 
differentiation factor for B cell to plasma cell transition 
(Muraguchi et al., 1988; Kishimoto and Hirano, 1988), 
enhancing immunoglobulin production, and 
augmenting secondary antibody responses to antigen 1 
vivo (Takatsuki et al., 1988). IL-6 does not act on 
resting B cells, but acts on activated B cells that express 
IL-6 receptor. Stimulation then enhances lgM, 1gG, 
and lgA production without an effect on B cell 
proliferation (Taga et al., 1987). IL-6 also regulates T 
cell proliferation of peripheral and thymic T cells 
(Garman et al., 1987; Takatsuki et al., 1988). IL-6 was 
a possible contaminant of 1L-1 preparations in the old 
lymphocyte-activating factor (LAF) assay so often used 
as a “specific” measure of IL-l, since investigators 
showed that IL-l and 1L-6 were synergistic in 
stimulation of PHA-costimulated mouse thymocytes 
(Houssiau et al., 1988a). This appeared to depend on 
the presence of IL-2 and may indicate that 1L-6 
increases 1L-2 responsiveness. In addition, 1L-6 is also 
important in enhancement of CTL differentiation from 
precursors (Okada et al., 1988; Takai et al, 1988; 
Wong and Clark, 1988). Various studies have shown 
that IL-l synergizes with IL-6 in proliferation of T cells 
and maturation of CTL (Houssiau and Van Snick, 
192). 

Although IL-6 is a major product of monocytes and 
macrophages upon stimulation, there is evidence that 1L- 
6 inhibits the production of 1L-1 and TNF (Aderka et al., 
1989; Schindler et al., 1990). 1L-6 has also been shown 
to induce circulating levels of the IL-1 receptor 
antagonist and the soluble TNF receptor p55 zm vivo, and 
this was reflected in its activity on GM-CSF-stimulated 
monocytes (Tilg et al., 1994). 1L-6 primes monocytes 
and neutrophils for enhanced oxidative respiratory burst 
responses (Kharazmi et al., 1989). 1L-6 can also augment 
natural killer cell activity 27 vitro, through the induction 
of 1L-2 expression in peripheral blood mononuclear cell 
cultures (Luger et al, i989a). Although at first 
characterized by some investigators as having interferon- 
like antiviral activity, it is now presumed this action is 
rather weak if present at all (Poupart et al., 1984; Hirano 
et al., 1988a; Reis et al., 1988). 


5.2 HEMATOPOIESIS 


The activities of 1L-6 on hematopoietic cells and stem 
cells are several. Initially, Leary and colleagues (1988) 
found that IL-6 acted synergistically in combination with 
IL-3 to enhance multilineage colonies from murine 
spleen, and others showed that this action was primarily 
on multilineage progenitors (Koike et æl., 1988). IL-6 
was also found to be identical to macrophage- 
granulocyte inducing factor-2 (MGI-2) (Sachs et al., 
1989), and to synergize with other cytokines in 
hematopoietic systems (Bot et al., 1989; Rennick et al., 
1989). Similar to G-CSF, 1L-11 and Steel factor, IL-6 
appears to be involved in triggering the entry into the cell 
cycle, whereas IL-3 and GM-CSF support continued 
proliferation of multipotential progenitors. In vzvo 
administration of 1L-6 to mice with bone marrow 
transplantation was effective in aiding recovery of 
multilineage hematopoiesis (Okano et al., 1989), as was 
IL-6 administration to irradiated mice (Patchen et al., 
1991). 1L-6 has strong activity in enhancing 
megakaryocyte colony formation (Ishibashi et al., 1989b; 
Kishimoto, 1989; Hirano et al., 1990), an activity with 
which it shares with LIF, IL-11, and oncostatin M. These 
are synergistic with IL-3 in enhancing CFU- 
megakaryocyte derived colonies 2” vitro and can enhance 
platelet numbers in mice 77 vivo (Ishibashi et al., 1989a). 
This action has been the base of clinical trials for the 
purpose of enhancing platelet levels in patients post 
chemotherapy or post bone marrow transplantation (see 
below). 


5.3 IL-6 REGULATES CELL GROWTH 


Another earlier-described activity of IL-6 was that as a 
positive growth factor for EBV-transformed B cells 
(Tosato and Pike, 1989), mouse plasmacytomas 1m vitro 
and im vivo (Hirano et al., 1989b), as well as human 
myeloma cells (Kawano et al., 1988) from patients with 
multiple myeloma. Myeloma cell growth in culture 
appears to be regulated in autocrine fashion by 1L-6, 
since antibodies to 1L-6 inhibit growth 2” vitro of various 
myeloma lines (Kawano et al., 1988). Its action as a 
potent growth factor for mouse hybridomas is now used 
as a sensitive bioassay for 1L-6 activity (Aarden et al., 
1987). 1L-6 has also been shown to enhance growth of 
Kaposi sarcoma cell lines, and may do so in an autocrine 
fashion since transfection of antisense 1L-6 RNA 
suppressed proliferation (Miles et al., 1990) and 
antibodies specific for IL-6 decrease proliferation of these 
cells in vitro when stimulated with oncostatin M (Miles et 
al., 1992). IL-6 has also shown to possess growth 
inhibitory activity, including suppression of the 
melanoma cell line A375 and breast carcinoma cell lines 
(Chen et al., 1988; Novick et al., 1992; Katz et al., 1993) 
as well as inhibition and differentiation of a murine 
myeloid leukemic cell line M1 (Miyaura et al., 1988). Lu 
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and Kerbel (1993) have shown that early-stage 
melanoma cells are inhibited by IL-6 in proliferation, but 
that later-stage (advanced) melanoma cells are resistant 
to exogenous IL-6. Transfection of antisense 1L-6 RNA 
inhibited proliferation (Lu and Kerbel, 1993), 
suggesting that IL-6 was acting as a positive growth 
factor in later-stage melanoma. Thus the state of tumor 
progression may play an important role in proliferative 
responses of melanoma cells to IL-6. 


5.4 THE ACUTE-PHASE RESPONSE AND 
INFLAMMATION 


One of the primary roles of IL-6 i” vivo is as the major 
cytokine that initiates the hepatic acute-phase response. 
This is typified by a striking elevation of plasma 
concentrations of liver-derived (acute-phase) proteins 
and is a hallmark of the acute inflammatory response 
(Koj, 1974; Kushner, 1982; Koj and Gordon, 1985). 
Mediators responsible for this action are released at sites 
of inflammation and then circulate to act specifically on 
liver cells (Koj, 1974). IL-6 induces all positive acute- 
phase proteins, and reduces albumin and transferrin 
output (typical negative acute-phase proteins) by 
hepatocytes în vitro (Andus et al., 1987, 1988; Morrone 
et al., 1988; Castell et al., 1989), and clearly induces liver 
responses in rodents upon administration i” vivo similar 
to those induced by inflammation (Geiger et al., 1988). 
Levels of IL-6 in serum after inflammatory stimulus show 
peak levels 6 to 12 h before the peak levels of serum 
acute-phase proteins (Nijsten et æl., 1987; Schreiber, 
1987; Jablons et al., 1989; Schreiber et al., ‘1989: 
Gauldie et æl., 1992). The delay in serum increases in 
acute-phase proteins after initiation of inflammation 
reflects the time required to synthesize and release 
sufficient amounts of cytokines, their interaction with 
hepatocyte receptors, protein production by hepatocytes, 
and accumulation in the serum compartment. The 
expression of acute-phase proteins in liver is primarily at 
the level of transcription (Birch and Schreiber, 1986; 
May et al., 1986; Schreiber et al., 1989). The liver 
response subsides over a period of hours to days 
depending on the stimulus, and serum levels wane in 3-5 
days depending on the acute-phase protein examined. 
IL-6 has also been shown to modulate the extent of 
glycosylation of liver-derived “secreted acute-phase 
proteins. 

The IL-6 mediated induction of acute-phase proteins 
is thought to represent a homeostatic response to 
inflammation (Gauldie, 1991; Baumann and Gauldie, 
1990; ‘Travis and Salvesen, 1983). Various acute-phase 
proteins (such as  Qj,-antitrypsin and œ- 
antichymotrypsin) are inhibitory of protease action and 
thus could modulate enzyme action at sites of 
inflammation and a number of acute phase proteins show 
anti-inflammatory properties in vivo (reviewed in Tilg et 


al., 1997). Other cytokines have a similar action on 
hepatocytes, including LIF (Baumann and Wong, 1989), 
IL-Il (Baumann and Schendel, 1991), oncostatin-M 
(Richards et al., 1992; Richards and Shoyab, 1992) and 
cardiotrophin-I (Richards et al., 1996); however, the 
roles that these molecules play in liver responses in vivo 
are still to be clarified. 

In examining the effects of IL-6 on local structural 
cells, it has more recently become clear that IL-6 is 
capable of modulating gene expression in connective- 
tissue cells including fibroblasts derived from various 
tissues, and chondrocytes, and is a moduiator of growth 
in keratinocytes (Grossman, et al., 1989) and endothelial 
cells (May et al., 1986). 1L-6 induces the tissue inhibitor 
of metalloproteinases (TIMP-1) in fibroblasts and 
chondrocytes (Lotz and Guerne, 1991; Sato et al., 
1990), though some workers suggest not in skin 
fibroblasts (Emonard et al., 1992). Since enzymatic 
breakdown of collagen in connective tissue is ultimately 
controlled by the balance of active metalloproteinases 
(MMP) and their inhibitors (such as TIMP-1), control of 
this balance by 1L-6 and other cytokines will contribute 
to the regulation of extracellular matrix breakdown in 
normal and disease processes. Related cytokines LIF, 1L- 
1], and oncostatin M also show this activity (Maier et al., 
1993; Richards et æl., 1993). IL-6 has further been 
shown to enhance production of @,-antitrypsin (a,- 
protease inhibitor, a major inhibitor of neutrophil 
elastase) by alveolar macrophages and mucosal 
enterocytes (Barbey-Morel et al., 1987; Perlmutter, 
1989). Thus, through upregulation of both 
metalloproteinase inhibitors and serine proteinase 
inhibitors by cells at sites of inflammation, 1L-6 may 
further act to modulate enzymatic degradation of tissue. 
However, this may not be the case in all situations, since 
IL-6 can increase MMP expression in vitro when added 
in combination with the proinflammatory cytokine IL-1; 
IL-6 caused a further upregulation of collagenase and 
stromelysin (lto et æl, 1992). Furthermore, in 
ovarectomized mice, subsequent bone loss due to 
decrease estrogen was mediated by IL-6, since antibodies 
to IL-6 could ameliorate the effects (Jilka et al., 1992). 
Since estradiol can suppress 1L-6 production by bone and 
marrow stromal cells, this suggests that post-menopausal 
bone loss is mediated by enhanced 1L-6 production in 
these tissues. 

In an 7” vivo model of acute inflammation, Ulich and 
colleagues found that IL-6 administration inhibits LPS- 
induced neutrophil accumulation in rat lungs (Ulich et 
al., 1991, 1992). This may be due to IL-6-mediated 
inhibition of production of IL-1 and TNF (Aderka et al., 
1989; Schindler et al., 1990), but this has not been 
established im vivo. Tilg and colleagues (1994) found 
that IL-6 augmented circulating levels of IL-1] receptor 
antagonist and soluble TNF receptor, both of which 
could have important anti-inflammatory effects by 
suppressing action of IL-1 or TNF. Furthermore, IL-6 


administered by a miniosmotic pump was found to 
modify joint inflammation in collagen-induced arthritis 
in rats (Seckinger et al., 1990). In the mouse model of 
endotoxic shock, treatment with monoclonal antibody to 
murine IL-6 resulted in protection from lethal challenge 
from E. colt or TNF (Starnes et al., 1990). However, it is 
not clear how IL-6 might have this effect, since it has also 
been suggested that the serum half-life of IL-6 can be 
increased with antibody treatment, which could alter the 
responses invoked. 


5.5 OTHER EFFECTS 


IL-6 has activity in neurological systems which are 
integrated into the acute inflammatory response. IL-6 
has been shown to cause fever upon injection into 
rabbits (Helle et al., 1988), an activity also shown by 
IL-1 and TNF. Pituitary cells (At-20 cell line) will 
increase ACTH production in response to IL-6 or 1IL- 
1 im vitro (Woloski et al., 1985) and IL-6 treatment 
was shown to enhance serum ACTH in rats (Naitoh et 
al., 1988; Perlstein et al., 1993). ACTH stimulates the 
adrenal gland and thus serum glucocorticoid levels, 
which in turn may modulate numerous cellular 
functions. Since many cytokines are repressed by 
glucocorticoids, sufficient concentrations may serve as a 
feedback system to turn off expression of cytokines 
such as IL-1, TNF, chemokines and 1L-6 itself. Thus, 
effects of IL-6 in the central nervous system control 
multiple aspects of the systemic acute-phase response. 
IL-6 also induces c-fos expression in a chromaffin cell 
line PC12 and differentiation into neural cells (Satoh et 


INTERLEUKIN-6 95 


al., 1988) and may have further activities in neuronal 
tissues. 

In summary, IL-6 appears to be a ubiquitous and 
necessary part of mammalian homeostatic response to 
body injury or tissue damage. Its effects in immuno- 
logical, hematopoietic, and inflammatory systems reflect 
its importance in this respect. Studies on its interaction 
with the gpI30-containing receptor complex have 
defined the IL-6-type cytokine family, all of which utilize 
gp130 as a signal transducing molecule. This provides a 
system where redundancy of cytokine action occurs in 
cells that possess the @ receptor components for IL-6, 
LIF, IL-11, CNTF, and oncostatin M, possibly allowing 
for insurance of the response of that cell or tissue. 


6. Receptors 


6.1 RECEPTOR SUBUNITS AND 
FUNCTIONAL COMPLEX 


The nature of the cell surface receptor complex that 
binds the IL-6 ligand and resulting signal transduction 
has been examined in detail over the last several years 
(reviewed in Taga and Kishimoto, 1992; Kishimoto et 
al., 1994). An 80 kDa IL-6 binding protein (IL-6R) 
from B cells was first cloned by Kishimoto and colleagues 
(Yamasaki et al., 1988; Hirano et al., 1989a). This 
contains a typical “cytokine receptor family” domain, 
characterized by four conserved cysteine residues and the 
WSXWS motif, as well as an immunoglobulin-like 
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Figure 6.5 IL-6 receptor chains. Structural model of IL-6Ra and gp130. Thick bars represent four conserved 
cysteine residues and a WSXWS motif that feature the cytokine receptor family domain. The fibronectin type Ill 
module comprises ~100 amino acid residues. (From Taga et al. (1992).) 
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domain at the amino terminus (see Figure 6.5). A second 
component was characterized and cloned later as gp130 
(Taga et al., 1989; Hibi et al., 1990 and mouse gp130 
Saito et al., 1992). The gp130 sequence also shows a 
“cytokine receptor family domain” as well as four 
fibronectin type II] modules in the extracellular region. 
IL-6 ligand does not bind to gpI30 itself but binds with 
higher affinity to complexes of IL-6R and gp130. Signal 
transduction was mediated by complexes containing 
both but not either of these two components alone 
(Hirano et al., 1989a; Taga et al., 1989). IL-6R displays 
very little intracytoplasmic domain in its structure, 
whereas the gp130 molecule displays a large cytoplasmic 
domain which is responsible for intracellular signaling. 
The sequences shows homology to box | and 2 of several 
other members of the cytokine receptor family 
(Murakami et al., 1991; Kishimoto et al., 1994) (see 
Figure 6.5) as well as a box 3 region also seen in receptors 
for LIF and oncostatin M. The gp1I30 molecule is found 
expressed in many tissues and cells, whereas the IL-6R is 
more restricted in its level of expression (Hibi et al., 
1990). Upon 1L-6 ligand interaction, the IL-6/IL-6R 
interacts with a homodimer of gp130 molecules 
(Murakami eż al., 1993) which then initiates signal trans- 
duction (Figure 6.6). The bound IL-6 is rapidly internal- 
ized and degraded in rat hepatocytes (Nesbitt and Fuller, 
1992a) and human HepG2 cells (Zohlnhoefer et al., 
1992) resulting in receptor downregulation. Both IL-6R 
and gp130 subunits are required, and a 10-amino-acid 
region of gp130 (intracellular) that contains a dileucine 
motif appears to be necessary for efficient internalization 
(Dittrich et al., 1994). " 
Detailed structural analysis of IL-6 and its receptor 
awaits crystallographic data. However, on the basis of 
tertiary structural similarities to growth hormone and its 
receptor, models of IL-6 and its receptor complex have 
been predicted (Bazan, 1990). The bundle of a-helices 
of IL-6 putatively form two sites important in IL-6 
activation of cells that are located on opposite sides (see 
Figure 6.4). Site I would be important for binding IL- 
6R and site 2 for binding and triggering dimerization of 
gp130 (Ehlers et al., 1994; Brakenhoff et al., 1994). 
Double mutations of Tyr-31 and Glu-35 (site 2) resulted 
in an IL-6 mutein with >80% reduction in bioactivity and 
a reduction in ability to associate with gp130 in vitro 





Homodimerlization activates 
signal transduction 


Figure 6.6 Model of IL-6 receptor/ligand interaction. 
(Taken from Murakami et al. (1993).) 


(Savino et al., 1994). Binding to IL-6Ra was not 
impaired, suggesting this region was critical for gp130 
interaction but not IL-6Ra. This double mutant acts as 
an antagonist for IL-6 activity since it associates with the 
receptor but does not activate signals. Van Dam and 
colleagues (1993) have shown that in human/murine 
chimeric IL-6 molecules, the region Lys-41 — Glu-95 
(between the first and second a-helices, AB loop 
containing “site I”) is important for IL-6 binding to the 
receptor. Thus site 1 appears critical for IL-6R binding 
and site 2 for association and activation of gp130 
dimerization. 


a, 


6.2 REGULATION OF MEMBRANE IL-6 
RECEPTOR AND SOLUBLE 
RECEPTOR 


The 80kDa IL-6R mRNA levels can be enhanced in 
vitro in hepatoma cells by PMA, IL-1, IL-6, and 
glucocorticoid (Bauer et al., 1989; Rose-John et al., 
1990; Gauldiewetealyel992; Pietzko et al, TOR 
however, it is not clear whether this imparts significant 
differences in biological responses in these cells. 
Nesbitt and Fuller have shown that in primary rat 
hepatocytes, dexamethasone enhanced 1L-6R by 2.7- 
fold and induced receptor number from 600 to >6000 
per cell (Nesbitt and Fuller, 1992b). Alterations of IL- 
6R mRNA were also evident during acute 
inflammatory responses in liver of rats in vivo 
(Geisterfer et al., 1993), and administration of IL-6 or 
corticosteroid can also increase 1L-6R expression in 
liver cells. These transient modulations would modulate 
numbers of IL-6 receptor subunits on cells and thus 
presumably modify sensitivity to cytokine levels. The 
expression of gpI30 mRNA is inherently much higher 
in various cell types, and can also be regulated by 
cytokines 2m vitro (Schooltink et al., 1992; Snyers and 
Content, 1992). However, most cells or tissues 
examined express gp130, and thus specificity of IL-6 
responsiveness may depend more on the expression and 
regulation of the IL-6R 80 kDa subunit. 

The detection of soluble receptors for several 
cytokines has been demonstrated in body fluids 
(Novick et al., 1989; Rose-John and Heinrich, 1994). 
Soluble IL-6R has been found in serum of patients 
with juvenile rheumatoid arthritis (Debenedetti et al., 
1994) or with HIV infection (Honda et al., 1992). 
The production of the soluble IL-6R can occur due to 
proteolytic cleavage of the membrane bound 80 kDa 
receptor from COS cells transiently transfected with 
gp80 (Mullberg et al, 1993, 1994; Rose-John and 
Heinrich, 1994). This shed receptor can bind IL-6 and 
the complex is active im vitro in stimulating HepG2 
cells (Gottschall et al., 1992). Other studies suggest 
that a differently spliced mRNA can be found for 
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IL-6R that does not encode a transmembrane region 
(Lust et al., 1992) and thus may produce a significant 
amount of secreted soluble receptor. In contrast to 
several other cytokine receptors which inhibit ligand 
function, soluble IL-6/IL-6R complexes can activate 
signal transduction and biological responses in cells 
thamepossess gpl3Qq(Eibi ef al., 1990; Taga et al., 
1992; Mackiewicz et al., 1992). This suggests that the 
soluble complex can activate cells that do not express 
80 kDa IL-6R; but how this fits in to biological 
responses i vivo is not clear. Soluble gp130 has also 
been found in significant levels in serum, and may act 
as a competitor with cell-associated gp130 for soluble 
IL-6/1L-6R (Narazaki et ai., 1993). 


7. Sygnal Transduction and Gene 
Regulation 


The lack of a significant intracytoplasmic region of IL- 
6Ra, and identifiable sequences that could be implicated 
in signaling processes, is consistent with studies showing 
a lack of functional activity of this chain alone in gene 
regulation. Mutational analysis of the intracytoplasmic 
region of the gp130 molecule has led to identification of 
multiple regions implicated in signal transduction 
processes (Fukada et al, 1996). This reflects the 
pleiotropic nature of IL-6, where separate sets of signals 
appear to be needed to regulate such a diverse array of 
genes and cellular effects. Multiple sites are 
phosphorylated on tyrosine residues of gp130; however, 
gp130 does not appear to have any inherent tyrosine 
kinase activity. Instead, gp130 associates with tyrosine 
kinases such as Janus kinase family members JAK/TYK 
(Stahl et al., 1994) and possibly others such as the src- 
related tyrosine kinase Hck (Ernst et al., 1994, 1996). 
Multiple defects in mouse embryos with targeted 
disruption of gp130 (Yoshida et al., 1996) emphasize the 
importance of this molecule. 

Deletion analysis of the cytoplasmic domains of gp 130 
has shown that the first 60-65 amino acids from the 
membrane are sufficient to mediate proliferative signals 
(Murakami et al., 1991) (see Figure 6.5). This region 
contains homology to box 1 (10-18 amino acids from 
membrane) and box 2 (52-62 amino acids from 
membrane) of other hematopoietin receptors such as G- 
CSF, erythropoietin, growth hormone, and IL-2. More 
distant is a segment designated box 3 (123-130 amino 
acids from transmembrane region) that contains a 
tyrosine residue (protein 125 from membrane). Using 
chimeric receptor studies, Baumann and colleagues 
(1994) have suggested that box 3 domains are essential 
for signals that regulate IL-6R response element be 
6RE)-transcription such as in the rat fibrinogen or 
haptoglobin genes. It appears that boxes I andi? are 
necessary for STAT activation (signal transducers and 


activators of transcription) by associating with the JAKI 
and JAK2 kinases that are responsible for 
phosphorylation of STAT (see below). 

Two signal pathways induced by IL-6 have been 
described that may act simultaneously in certain cells or 
preferentially in different cell types. Certain genes are 
targets of the tyrosine phosphorylation pathway 
involving Janus kinases and the STAT family of nuclear 
factors. IL-6 ligand causes homodimerization of gp130 
(Murakami et al., 1993). There appears to be constitutive 
association between gpI 30 and JAK], JAK, and TYK2, 
and tyrosine kinases activity is activated with IL-6 
binding (Guschin et al., 1995), probably through 
conformational change of the receptor complex. Specific 
sites on the gpI30 homodimer (box I) are necessary for 
the JAK/TYK kinase interaction, since mutations in 
these sites abolish subsequent events (Stahl et al., 1994). 
STAT family members then associate with gp130 dimers 
and act as substrates for JAK/TYK. Upon tyrosine 
phosphorylation, STATS translocate to the nucleus as 
homodimers or heterodimers to then bind to specific 
target DNA and activate transcription (Sadowski et al., 
1993; Yuan et al., 1994; Akira et al., 1994; Zhong et al., 
1994b). Mutation of box 3 motif resulted in inhibiting 
STAT activation, and transferring the motif to different 
receptors can confer a previously unrecognized STAT 
activation. Immediate events following IL-6 ligand and 
receptor interaction thus involve rapid tyrosine 
phosphorylation of gpI30, JAK-kinase activation, 
phosphorylation, and translocation of STAT proteins. 
Fourcin and colleagues (1996) have found that cross- 
linking of gp130 itself with an antibody can activate 
gpI130 dimerization, JAK kinase tyrosine phos- 
phorylation of gp130, and results in biological effects. 
More recently, IL-6 has been shown to activate the 
adaptor molecule SHC that can bind to JAK2 and 
gp130 (Giordano et al., 1997), as well as the phosphatase 
SHP-2 (Fukada et æl., 1996). 

A second pathway that involves the GTP-binding 
protein Ras which may also be involved in many cytokine 
systems is reviewed in Satoh et al., (1992). GTP-binding 
motifs are present in the gpI30 intracytoplasmic region 
(Hibi et al., 1990); however, their precise role if any 1s 
unclear. IL-6-induced differentiation of PC-I2 cells 
results in elevated levels of GTP-binding Ras (Nakafuku 
et al., 1992), and in a different system a Ras transgene 
showed enhanced trans-activating action of NFIL-6 
(Nakajima et al., 1993). This Ras-dependent pathway is 
dependent on intermediate steps involving Raf, MEK 
(MAP kinase kinase), and MAP kinase (Kishimoto et æl., 
1994) and thus may overlap with pathways induced by 
IL-1 as described above (for IL-1 induction of the IL-6 
gene). Other serine threonine protein kinases can also be 
activated by IL-6 (Yin and Yang, 1994). 

IL-6 regulation of acute-phase protein genes in liver 
cells has provided a system for studying gene regulation 
by IL-6. Studies of IL-6-responsive genes initially 
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characterized a consensus sequence [(T/A)T(C/G) 
TGGGA(A/C)] that confers transcriptional enhance- 
ment of downstream genes, variably referred to as the 1L- 
6 response element (IL-6RE), acute-phase response 
element (APRE), or LIF response element (LIFRE). A 
consensus sequence was found at various locations and 
distances away from the transcriptional start site of acute- 
phase proteins including rat o&-macroglobulin, hapto- 
globin, hemopexin, a,-cysteine proteinase inhibitor, and 
Q,-acid glycoprotein (Prowse and Baumann, 1988; 
Baumann et al., 1989, 1990; Hattori et al., 1990; Won 
and Baumann, 1990) as well as human haptoglobin and 
CRP (Fowlkes et al., 1984; Tsuchiya et al., 1987; Castell 
et al., 1989; Fey et al., 1989). This sequence enhances 
transcription of downstream indicator genes in cells 
stimulated with IL-6 as well as HepG2 cells stimulated 
with other members of the 1L-6-type cytokine family, 
including oncostatin M and LIF (Richards et al., 1992; 
Baumann et al., 1994). The factor(s) that recognize this 
sequence [termed acute-phase response factor (APRF) 
and IL-6 response element binding protein (IL-6REBP)] 
increase binding activity dramatically shortly after ligand 
signaling (Wegenka et al., 1993). The characterization 
and cloning of APRF revealed identity with STAT3, a 
novel member of the STAT family (Akira et al., 1994; 
Zhong et al., 1994b). STAT-3 and STAT-1 (or p91) are 
capable of interacting as homodimers (STATI1/1, 
STAT3/3) or heterodimers (STAT1/STAT3) (Sadowski 
et al., 1993; Akira et al., 1994; Yuan et al., 1994; Zhong 
et al., 1994a,b). STAT-1 has been shown to activate 
genes downstream of the interferon-y-activated sequence 
(GAS) but not of mutated GAS elements (Shuai et al., 
1994). Studies of M1 cells show that dominant negative 
forms of STAT3 block IL-6- and LIF-mediated growth 
arrest and apoptosis (Masashi et al., 1996), suggesting 
STATS is a critical step in gene regulation in these cells. 
In contrast, STAT3 mediates anti-apoptosis in B cells 
(Fukada et al., 1996). In addition to STAT3, STAT5B 
(recently cloned by Ripperger et al., 1995) can also bind 
IL-6 response elements, although Box 3 of gp130 does 
not appear necessary for activation of STAT5b (Lai et al., 
1995). lt is also possible that IL-6-induced gene 
regulation involves interaction between transcription 
factor families for maximal induction. For example, 
STAT3B cooperates with Jun in transcriptional activation 
(Schaefer et al., 1995); however, this has not yet been 
shown to occur in IL-6 signaling. In addition, STAT3 
may be further phosphorylated at serine/threonine 
residues which could participate in regulation (Boulton 
COG) 995 

As well as direct activation of nuclear factors by post- 
transcriptional modification, IL-6 also activates 
expression of “early” genes which can in turn regulate 
other targets. These include junB and EGR-1 in rat 
hepatoma cells (Baumann ef a/., 1991; Won et al., 1993), 
junB and TIS11 in B cells (Nakajima and Wall, 1991), 
CEBP0 or NFIL-6B (Akira et al., 1990b) in hepatocytes, 


and junB, c-jun, and jun-D in M1 cells (Lord et al, 
1991). These may be linked to proliferation activities of 
1L-6. 


8. Murine IL-6, Transgentes and 
Knockouts 


The cDNA for mouse has been published (Van Snick et 
al., 1988; Fuller and Grenett, 1989) and the mouse 1L-6 
gene has been located on chromosome 5 (Billiau, 1987). 
As in human cells, the gene for mouse 1L-6 is transcribed 
from a ~5 kb gene that contains four exons and six 
introns, and is spliced to 1.2 to 1.3 kb maturé mRNA 
(Yasukawa et al., 1987). High homology to the human 
1L-6 sequence is evident in the promoter and regions 5’ 
of the transcriptional start site (Tanabe et al., 1989), 
suggesting that similar transcriptional control 
mechanisms are present in murine cells as previously 
discussed. The primary transcripts of rat IL-6 also shows 
a 2.5kb mRNA species as well as the 1.3 kb message 
(Northemann et al., 1989). The murine mRNA encodes 
a 2] ]1-amino-acid peptide that is cleaved to form a 186- 
amino-acid mature protein; however, unlike human 1L- 
6, murine 1L-6 appears not to be glycosylated (Hirano et 
al., 1986). Many activities of 1L-6 have been found upon 
characterization of the murine analog, as noted in 
previous sections. 

On the basis of the phenotype of 1L-6 knockout mice, 
the role of endogenous 1L-6 in specific immune 
responses has become more clear. 1L-6-deficient mice 
with a disrupted 1L-6 gene (by homologous 
recombination) develop without any marked gross 
abnormalities. When challenged with vaccinia virus or 
vesicular stomatitis virus, they are unable to efficiently 
control infection and possess impaired antibody 
responses to vesicular stomatitis virus antigen (Kopf et 
al., 1994). Control of Listeria monocytogenes infection is 
also impaired. 

In examining responses to inflammatory stimuli, the 
same authors found that subcutaneous turpentine- 
induced liver responses were largely inhibited, but that 
intravenous LPS-induced liver responses were not (Kopf 
et al., 1994). As described earlier, other cytokines such as 
LIF, IL-11, or oncostatin M can substitute for 1L-6 
action on liver cells i# vitro, and thus may be involved in 
the LPS model in the knockout mouse. This suggests 
that the sites of stimuli play a large part in determining 
the 1L-6 dependence or cytokines that are elicited and 
which in turn control hepatic acute-phase protein 
production. 

Effects of IL-6 in transgenic mice are interesting. 
Under control of the human Ig heavy-chain enhancer, 
1L-6 overexpression caused increases in polyclonal serum 
Ig, splenomegaly, lymphoma, and thymoma (Suematsu et 
al., 1989). These animals also developed plasmacytosis 
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and appeared to succumb primarily to proliferative 
glomerulonephritis. This is interesting in the light of 
studies which show that IL-6 is a growth factor for 
mesangial cells, and that mesangial cells from patients 
with proliferative glomerulonephritis constitutively 
produce 1L-6 (Hori et al, 1989). Thus IL-6 
overproduction may play a significant role in this human 
disease. 

Other vector systems have been used to examine the 
effects of 1L-6 in vivo. Hawley and colleagues (1992) 
have transferred IL-6 to mouse bone marrow cells using 
a retrovirus vector. Upon transplantation of these cells 
into irradiated mice, a strong prolonged overexpression 
of 1L-6 led to pronounced increases in serum acute-phase 
proteins and serum immunoglobulin levels. In addition, 
a lethal myeloproliferative disease characterized by large 
amounts of neutrophilic granulocytes in blood and 
spleen was evident (Hawley et al., 1992). Using 
adenovirus 5 as a gene transfer method, Gauldie and 
associates have shown that recombinant adenovirus 
encoding 1L-6 causes significant expression of IL-6 upon 
infection in rodents (Braciak et al., 1993; Xing et al., 
1994). Intraperitoneal infection caused an increase in 
serum lL-6 and typical serum acute-phase protein 
response (Braciak et al., 1993). Infection intratracheally 
caused marked local expression of virus-encoded 1L-6 in 
lung tissue (Xing et al., 1994) and this was associated 
with a transient lymphocytic expansion in lungs at day 7 
that subsided by day 12. Thus the localization of 1L-6 
overexpression has an important influence on the nature 
of IL-6 effects seen 2” vivo. 


9 Clinical Implications 


The presence of elevated IL-6 in many different diseases 
implies that this cytokine is consistently an important 
part of either the disease process or the body’s response 
to disease. Enhanced IL-6 in serum has been found in a 
wide variety of trauma or inflammatory conditions, such 
as in serum of patients in trauma/surgery (Nisten et al., 
1987; Van Oers et al., 1988) and in cerebral spinal fluid 
of patients with CNS infection (Honssiau et al., 1988) or 
in vasculitis with CNS involvement (Hirohata et al., 
1993). 1L-6 levels are enhanced in serum of patients with 
Crohn disease (Gross et al., 1992), with systemic lupus 
erythematosus (Linker-Israeli et øl., 1991), and with 
alcoholic liver cirrhosis (Deviere et al., 1989), and in 
patients with Castleman disease (Yoshizaka et al., 1989). 
1L-6 is significantly enhanced in synovial fluid in 
rheumatoid arthritis (Hirano et al., 1988b; Honssiau et 
al., 1988) as well as in mesangial cells of patients with 
mesangial proliferative glomerulonephritis (Horii et al., 
1989). IL-6 has also been detected in multiple myeloma 
where it is expressed by tumor cells (Kawano et al., 1988) 
or stromal cells (Klein et al, 1989); in renal cell 


carcinoma, expressed by tumor cells (Koo et al., 1992); 
in cardiac myxoma patients, expressed by tumor cells 
(Jourdan et al., 1990) and also found in serum (Hirano 
Chai 1S7). 

Analysis of IL-6 as a clinical marker of inflammation or 
infection has shown it to correlate with other indices of 
disease activity, and it is now used for this purpose in 
combination with other clinical tests (Madhok et al., 
1993). Whether these levels could be determined as 
“overexpressed” (thus leading to IL-6-dependent 
pathology) is not clear. As is the case with most other 
regulatory molecules, the role of cytokines as stimulators 
or inhibitors of disease processes may depend on the 
concentration and the time over which the cytokines 
exert relevant biological actions. Overexpression of 1L-6 
during development may lead to quite different effects 
from those of overexpression in an adult mammal. 1L-6 
transgenic mice exhibit profound disease in many aspects; 
however, the relevance to human conditions of 
overexpression of such magnitude is not clear. The 
transgenics do provide valuable information in terms of 
what disease may be associated with 1L-6, and a number 
of disease conditions have been examined in more detail. 

1L-6-transgenic animals show a profound polyclonal 
plasmacytosis (Suematsu et al., 1989). The ability of IL- 
6 to act as a growth factor for plasma cells and for human 
myeloma cells (Kawano et æl., 1988), which may or may 
not be autocrine in nature, suggests a role in neoplasia. 
Bone marrow stromal cells may be the most important 
source of 1L-6 in myeloma patients (Klein et al., 1989). 
Increased serum levels of IL-6 correlate well with disease 
severity in multiple myelomas and plasmacytomas 
(Bataille et al., 1989). Interestingly, Suematsu and 
colleagues (1992) have shown a translocation in IL-6 
transgenic mice involving c-myc, implying a role for 
overexpressed IL-6 in genetic mutations. 

Others have examined the effects of exogenously 
administered 1L-6 in mouse models of tumorigenicity. £. 
coli-derived recombinant 1L-6 was able to substantially 
reduce metastases to lung and liver in syngeneic tumors, 
apparently indirectly through a host component (not 
directly) since irradiation abrogated the effect (Mule ez 
al., 1990). More recently this has been defined as the 
host cytotoxic T lymphocyte (CTL) response which is 
modulated by 1L-6. Transfection of the IL-6 gene into 
3LL tumor cells suppresses malignant growth and 
confers protection against parental metastatic cells 
(Porgador et al., 1993) upon injection into mice. Long- 
term IL-6 therapy (1-10 g/day) using human IL-6 in 
mice markedly inhibited lung metastasis of B16 
melanoma cells after intravenous inoculation (Katz et al., 
1993). These effects suggest that IL-6 therapy has 
potential in certain tumors. However, since different 
states of melanoma progression have opposite responses 
to IL-6 im vitro, caution must prevail in predicting IL-6 
actions in human disease. 

One of the more pronounced effects of IL-6 
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recognized is that as a maturation factor for 
megakaryocytes in vitro and in IL-6 transgenic animals 
(Kawano et al., 1988). In preclinical studies IL-6 has 
since been established (along with IL-11, LIF, and 
oncostatin M) as potentially useful in supporting 
thrombopoiesis and platelet numbers in patients with 
high-dose chemotherapy and bone marrow transplants. 
Along with its potential as an enhancer of CTL activity 
against certain tumors, this activity has encouraged phase 
I/II clinical trials in the United States (Weber et al., 
1993). The results of one set of studies have suggested 
that significant elevation of platelet counts, CRP, 
fibrinogen, ACTH, and cortisol occur with subcutaneous 
IL-6 therapy (Mule et al., 1992; Weber et al., 1993). 
However, no antitumor effects were seen against 
advanced metastatic melanoma, and a rapid (reversible) 
anemia was observed. High incidence of side-effects 
(fevers, chills, nausea, fatigue) and unexpected toxicity 
(hyperglycemia, trial fibrillation, and reversible 
neurological symptoms) was also observed. In most cases 
the treatment was terminated. Using a separate product 
(glycosylated, mammalian expressed sigosix), another set 
of trials revealed fewer side-effects, albeit at 10-fold less 
IL-6 injected. Further analysis of efficacy must be 
completed in this study; however, it does appear that the 
usefulness of IL-6 as a therapeutic agent will be 
hampered by various side-effects, some of which are 
common to other cytokine treatments. 

Since IL-6 has been strongly implicated as driving 
proliferation of- multiple myelomas, inhibition of IL-6 
activity would theoretically be useful in this disease. This 
could be accomplished using antibody to IL-6 or IL-6 
muteins, both areas having received attention recently. 
Klein and associates have reported results of phase 1 trials 
using 20 mg/day for 6 days of monoclonal antibody to 
IL-6 in terminal multiple myeloma patients (Klein et al., 
1992). A significant antitumor effect was noted in 5 of 9 
patients, with low toxicity observed. There was a partial 
drop in platelets and in neutrophil counts in 2 of 5 
patients. These results have encouraged further trials. 

IL-6 overexpression has also been implicated in a 
variety of autoimmune conditions (reviewed in Hirano et 
al., 1990). Cardiac myxoma patients yielded myxoma 
cells that produced IL-6 (Jourdan et al., 1990). Upon 
resection of the myxoma tumor, bone marrow 
plasmacytosis, hypergammaglobinemia, autoantibodies, 
serum IL-6, and serum acute phase proteins decreased. 
Owing to its activities as a growth factor for mesangial 
cells, its production by mesangial cells from patients, and 
its presence in patient urine, IL-6 has been implicated in 
a causative role in proliferative glomerulonephritis (Horii 
et al., 1989). Castleman disease, characterized by 
hyperplastic lymphadenopathy, hypergammaglobinemia, 
and increases in platelets, is also associated with high IL- 
6 levels and polyclonal plasmacytosis (Yoshizaka et al., 
1989). Synovial fluid from patients with rheumatoid 
arthritis shows enhanced IL-6 levels (Hirano et al., 


1988b) and it has been suggested that this contributes to 
synovial B cell activation and Ig production (Nawata et 
al., 1989). However, the abnormal expression of IL-6 is 
not yet linked to this particular disease as a primary cause, 
and may be a secondary response to other processes. 
Furthermore, high IL-6 alone may not be sufficient to 
cause organ-specific autoimmune disease. 
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l. Introduction 


The process of hematopoiesis by which mature 
functional blood cells are continuously generated has 
been an object of intense study for decades. It has 
become clear that the regulation of hematopoietic 
development is a very complex phenomenon which 
involves multiple interactions between the developing 
hematopoietic cells and their immediate microenviron- 
ment. These environmental interactions are now known 
to include complex cell surface contributions from a 
stromal network and the elaboration of a growing 
number of soluble growth factors. The early investiga- 
tions into hematopoiesis and its regulation yielded new 
information primarily concerning development of the 
various cells of the myeloid lineage and led to the 
isolation and characterization of a number of new soluble 
regulatory growth factors. 

Information concerning the regulation of lymphoid 
development lagged behind the progress being made 
with myeloid lineage cells. This was certainly not due to 
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a lack of interest, as the cells of the lymphoid lineage 
mediate both the cell-mediated and the humoral immune 
responses, a necessary component of the maintenance of 
good health. The primary obstacle to the study of 
lymphoid development was the stringent 7” vitro growth 
requirements of lymphoid progenitors and the lack of a 
suitable source of cells for study. 

A key element to beginning to unravel the particulars 
of early B cell development was the establishment of an 
in vitro culture system which allowed for the growth of 
large numbers of normal B cell precursors (Whitlock et 
al., 1984). A stromal cell line derived from such a culture 
system was found to secrete a growth factor which alone 
could support the growth of B cell progenitors (Namen 
et al., 1988a). Subsequently, this led to the isolation and 
cloning of this growth factor, which is now known as 
interleukin-7 (1L-7). The initial studies of the activities of 
1L-7 revealed a potent proliferative stimulus of pro-B and 
pre-B cells from normal bone marrow. Subsequent tissue 
distribution studies demonstrated that a high level of 
1L-7 mRNA was present in the thymus and it was soon 


Copyright © 1998 Academic Press Limited 
All rights of reproduction in any form reserved. 


110 A.E. NAMEN AND A.R. MIRE-SLUIS 


discovered that IL-7 was also a potent growth promoter 
for T cell progenitors. IL-7 has since emerged as a major 
factor in the process of both B cell and T cell 
development. As studies with IL-7 have continued to 
progress, additional biological activities have begun to 
emerge. IL-7 stimulates the growth of immature and 
mature T cells and promotes the expansion and effector 
function of cytolytic T cells and their precursors. 
Additionally, IL-7 enhances lymphokine-activated killer 
(LAK) cell activity in peripheral blood and can stimulate 
the antitumor abilities of monocytes and macrophages. 

Future studies utilizing IL-7 alone or in concert with 
other known growth factors will almost certainly reveal 
new unsuspected effects and provide potentially new 
avenues for therapeutic strategies. The lymphoid- 
restoring capacity of IL-7 as well as the cytotoxic and 
LAK cell-promoting properties would seem to indicate 
that IL-7 may play an important therapeutic role in 
adoptive immunotherapy and bone marrow transplanta- 
tion following irradiation and/or chemotherapy. 


2. IL-7 Gene 
2.1 IL-7 GENE SEQUENCE 


A stromal cell line derived from a long-term bone 
marrow culture was originally identified as a source of 
soluble IL-7 (Namen et al., 1988a). This cell line was 
utilized as a source of conditioned medium for the 
biochemical purification and sequencing of native murine 
IL-7. The same cell line was also utilized to provide a 
source of mRNA for constructing a cDNA library. 
Screening of this library by direct expression enabled the 
cloning of a single cDNA which encoded biologically 
active murine IL-7 (Namen et al., 1988b). A comparison 
of the amino acid sequence predicted by the cloned 
cDNA and the N-terminal sequence derived from the 
purified native murine IL-7 showed them to be identical. 

The cDNA encoding biologically active human IL-7 
was obtained from the human hepatoma cell line, SK- 
Hep by hybridization with the homologous murine clone 
(Goodwin et al., 1989), and is shown in Figure 7.1. 
Subsequent to the cloning of cDNAs encoding both 
human and murine IL-7, experiments to help define the 
structure and regulation of the IL-7 gene were carried 
out (Lupton et al., 1990). A high degree of homology 
(81%) exists between the coding regions of human and 
murine IL-7. The 3’ noncoding region exhibits a 63% 
homology and the 5’ noncoding region a 73% homology, 
indicating a significant degree of conservation in both 
the coding and the flanking regions. 

The human IL-7 gene is quite large, spanning at least 
33 kbp. The 5’ noncoding regions of both the human 
and murine IL-7 gene are unusual in that the normal 
eukaryocytic promoter elements are noticeably absent. 
There is no evidence for the commonly observed TATA 


or CAAT sequences for at least 1200 bp upstream of the 
primary transcription initiation site. The 5° regulatory 
region does, however, contain eight potential initiation 
of transcription sites which are situated upstream of the 
primary initiation site. Most of these upstream initiation 
sites result in frame shifts and/or premature stop signals 
and a biologically inactive protein fragment. It is possible 
that these alternate initiation sites are involved in a 
complex regulatory mechanism to tightly control IL-7 
expression. This is indicated by the observation that 
removal of the 5’ noncoding regions from the IL-7 
cDNA clone resulted in increased expression and 
production of mature functional IL-7 protein following 
transfection into COS cells, 

The human gene does contain. a potential SP1_ binding 
site (GGGCGG) approximately 60 bp upstream of the 
primary initiation site. Approximately 720 bp upstream 
of the primary initiation site is a potential E12 binding 
site. In addition, five other sequences related to the E12 
binding site are present in the 5’ noncoding region and 
are highly conserved in both the human and murine 
genes. These sites very possibly represent binding regions 
for members of the recently defined “helix-loop-helix” 
class of DNA binding regulatory proteins. The 700 bp 
region extending upstream from the primary initiation 
site contains 42 CpG dinucleotides. Such clusters of CpG 
dinucleotides have been shown to occur in many 
“housekeeping” and tissue-specific genes (Bird, 1987), 
and are involved in the regulation of transcription 
(Rachal et al., 1989). In general, the regulation of IL-7 
expression appears not to involve the commonly 
observed eukaryocytic control elements. Instead, it 
seems likely that a complex interplay of multiple 
initiation sites and less well defined regulatory sequences 
serves to tightly control the expression of IL-7. The tight 
control of IL-7 expression is evidenced by the 
observation that only very low levels of IL-7 are 
produced by all of the known native unmodified sources 
of IL-7. Moreover, those sources are generally refractory 
to the usual outside stimuli conventionally used to boost 
cytokine production. High levels of IL-7 production in 
cell lines has only been achieved following genetic 
modification of the IL-7 controlling regions. Clearly, 
further experimentation will be needed to more closely 
define the very interesting and unusual control elements 
regulating the expression of the IL-7 gene. 


2.2 IL-7 GENE STRUCTURE 


The human IL-7 gene consists of six exons and five 
introns distributed over at least 33 kbp (Lupton et al., 
1990), and is illustrated in Figure 7.2. The length of 
intron 2 is unknown, but consists of at least 15 kbp. The 
human IL-7 cDNA contains an open reading frame 
spanning 531 nucleotides, encoding a protein of 177 
amino acids with a calculated molecular mass of 17 400 
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1101 GrcAGATAAATGATAGTCGTTATTATTATCGCTGTTGTTACTGGTTTACATTATCCACCTTCATCTAAGCACCCTTTCTGCAGAATAGCAGAAACCAAAC 


TAATGTAGCAAATAAGCTACATAAT TCAAGCCCAGGAAAAAGTTAACATT TCAGTGGCATGCAT TCAAGACGAATAGTTTGATTTATTAGCCAATTCAGA 
TAAAT GTGCACGTGGAAGTCATAGTTAAATATTATCGTCAGTTTCCACGTCCTGCGTTTAATTTGGGGTTTGATTTTCCAAATACAACACTTACCAGATT 
AGGTGGACCCACAGGATTATTTTTCCTTGAGGTCTCACCTGAGCAGGTGCATGT ACAGCAGACGGAGCAGAAAGAGACTGATTAGAGAGGTTGGAGTGGT 
AGAGGGCGTGACCCTCTTAATCATTCTTCACTTCCTTTTTTAAAAGACGACTTGGCATCGTCCACCACATCCGCGGCAACGCCTCCTTGGTGTCGTCCGC 
TTCCAATAACCCAGCTTGCGT CCTGCACACTTGTGGCTTCCGTGCACACATTAACAACTCA TGGGTCTAGCTCCCAGTCGCCAAGCGTTGCCAAGGCGTT 
GAGAGATCATCTGGGAAGTCTTTTACCCAGAATTGCTTTGATTCAGGCCAGCTGGTTTTTCTGCGGTGATTCGGAAATTCGCGAATTCCTCTGGTCCTCA 
TCCAGGTGCGCGGGAAGCAGGT GCC CAGGAGAGAGGGGATAATGAAGATTCCATGCTGATGATCCCAAAGATTGAACCTGCAGACCAAGCGCAAAGTAGA 
AACTGAAAGTACACTGCTGGCGGATCCTACGGAAGTTA TGGAAAAGGCAAAGCGCAGAGCCACGCCGTAGTGTGTGCCGCCCCCCTTGGGATGGATGAAA 
CTGCAG TCGCGGCGTGGGT AAGAGGAACCAGCTGCAGAGATCACCCTGCCCAACACAGACTCGGCAACTCCGCGGAAGACCAGGGTCCTGGGAGTGACTA 
TGGGCGGTGAGAGCTTGCT CCTGCTCCAGT TGCGGTCATCA TGACTACGCCCGCCTCCCGCAGACCATGTTCCATgtaagcgctcttctcccttttattt 
actgtcaaatttagTTTCTTTTAGGTATATCTTTGGACTTCCTCCCCTGATCCTTGTTCTGTTGCCAGTAGCATCATCTGATTGTGATATTGAAGGTAAA 
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4 GATGGCAAACAATATGAGAGTGTTCTAATGGTCAGCATCGATCAATTATTGgtatgtgattattttgtttt 


2372 


2373 ttttatgttatttattacagGACAGCATGAAAGAAATTGGTAGCAAT TGCCTGAATAATGAAT TTAACTT TTT TAAAAGACATATCTGTGATGCTAATAA 


Ggtaatgataattatttggag 


2493 


2494 ctgactttttcctataatagGAAGGTATGTTTTTATTCCGTGCTGCTCGCAAGT TGAGGCAATTTCTTAAAATGAATAGCACTGGTGATTTTGATCTCCA 


CTTATTAAAAGT TTCAGAAGGCACAACAATACTGTTGAACTGCACTGGCCAGgtaag 


2651 aatgtgactttgtttttaagGTTAAAGGAAGAAAACCAGCTGCCCTGGGTGAAGCCCAACCAACAAAGAGTTTGgtgagaataattgtataatt 


2650 
2744 


2745 tttaaaactctattctctagGAAGAAAATAAATCTTTAAAGGAACAGAAAAAACTGAAATGACTTGTGTTTCCTAAAGAGACTATTACAAGAGATAAAAA 


CTTGTTGGAATAAAATTTTGATGGGCACTAAAGAACACTGAAAAATATGGAGTGGCAATATAGAAACACGAACTTTAGCTGCATCCTCCAAGAATCTATC 
TGCTTATGCAGTTTTTCAGAGTGGAATGCTTCCTAGAAGTTACTGAATGCACCATGGTCAAAACGGATTAGGGCATTTGAGAAATGCATATTGTATTACT 
AGAAGATGAATACAAACAATGGAAACTGAATGCTCCAGTCAACAAACTATTTCTTATATATGTGAACATTTATCAATCAGTATAATTCTGTACTGATTTT 
TGTAAGACAATCCATGTAAGGTATCAGTTGCAATAATACTTCTCAAAAATGTTTAAATATTTCAAGACATTAAATCTATGAAGTATATAATGGTTTCAAA 
GATTCAAAATTGACATTGCTTTACTGTCAAAATAATTTTATGGCTCACTATGAATCTATTATACTGTATTAAGAGTGAAAATTGTCTTCTTCTGTGCTGG 
AGATGTTT TAGAGTTAACAATGATA TAT GGATAATGCCGGTGAGAATAAGAGAGTCATAAACCTTAAGTAAGCAACAGCATAACAAGGTCCAAGATACCT 
AAAAGAGATTTCAAGAGATTTAATTAATCATGAATGTGTAACACAGTGCCTTCAATAAATGGTATAGCAAATG 
AGAGGGCGTGACCCTCTTAATCATTCTTCACTTCCTTTTTTAAAAGACGACTTGGCATCGTCCACCACATCCGCGGCAACGCCTCCTTGGTGTCGTCCGC 
TTCCAATAACCCAGCTTGCGTCCTGCACACTTGTGGCTTCCGTGCACACATTAACAACTCATGGGTCTAGCTCCCAGTCGCCAAGCGT TGCCAAGGCGTT 
GAGAGATCATCTGGGAAGTCTTTTACCCAGAATTGCTTTGATTCAGGCCAGCTGGTTTTTCTGCGGTGATTCGGAAATTCGCGAATTCCTCTGGTCCTCA 
TCCAGGTGCGCGGGAAGCAGGTGCCCAGGAGAGAGGGGATAATGAAGAT TCCATGCTGA TGA TCCCAAAGATTGAACCTGCAGA CCAAGCGCAAAGTAGA 
AACTGAAAGTACACTGCTGGCGGATCCTACGGAAGTTATGGAAAAGG CAAAGCGCAGAGCCACGCCGTAGTGTGTGCCGCCCCCCTTGGGATGGATGAAA 
CTGCAGTCGCGGCGTGGGTAAGAGGAACCAGCTGCAGAGA TCACCCTGCCCAACACAGACTCGGCAACTCC GCGGAAGACCAGGGT CCTGGGAGTGACTA 
TGGGCGGTGAGAGCTTGCTCCTGCTCCAGT TGCGGTCATCATGACTACGCCCGCCTCCCGCAGACCATGTTCCATGgtaagcegctcttctcecttttatt 
actgtcaaattagTTTCTTTTAGGTATATCTTTGGACTTCCTCCCCTGATCCTTGTTCTGTTGCCAGTAGCATCATCTGATTGTGATATTGAAGGTAAAG 
ATGGCAAACAATATGAGAGTGTTCTAATGGTCAGCATCGATCAATTATTGgtatgtgattattttgttttttttatgttatttat tacagGACAGCATGA 
AAGAAATTGGTAGCAATTGCCTGAATAATGAATTTAACTTTTTTAAAAGACATATCTGTGATGTCAATAAGgtaatgataattatttggagctgactttt 
tectataatagGAAGGTATGTTTTTATTCCGTGCTGCTCGCAAGTTGA GGCAATTTCTTAAAATGAATAGCACTGGTGATTTTGATCTCCACTTATTAAA 
AGTTTCAGAAGGCACAACAATACTGTTGAACTGCACTGGCCAGgtaagaatgtgactttgtttttaagGTTAAAGGAAGAAAACCAGTCGCCCTGGGTGA 
AGCCCAACCAACAAAGAGTTTGgtgagaataattgtataatttttaaaactctattctctagGAAGAAAATAAATCTTTAAAGGAACAGAAAAAACTGAA 
TGACTTGTGTTTCCTAAAGAGACTAT TACAAGAGATAAAAACTTGTTGGAATAAAAT TTTGATGGGCACTAAAGAACACTGAAAAATATGGAGTGGCAAT 
ATAGAAACACGAAC 

TTTAGCTGCATCCTCCAAGAATCTATCTGCTTATGCAGTTTTTCAGAGTGGAATGCT TCCTAGAAGTTACTGAATGCACCATGGTCAAAACGGATTAGGG 
CATTTGAGAAATGCATATTGTATTACTAGAAGATGAATACAAACAATGGAAACTGAATGCTCCAGTCAACAAACTATTTCTTATATATGTGAACATTTAT 
CAATCAGTATAATTCTGTACTGATTTTTGTAAGACAATCCATGTAAGGTATCAGTTGCAATAATACTTCTCAAACCTGTTTAAATATTTCAAGACATTAA 
ATCTATGAAGTATATAATGGTTTCAAAGATTCAAAATTGACATTGCTTTACTGTCAAAATAATTTTATGGCTCACTATGAATCTATTATACTGTATTAAG 
AGTGAAAATTGTCTTCTTCTGTGCTGGAGATGTTTTAGAGTTAACAATGATATATGGATAATGCCGGTGAGAAT AAGAGAGTCATAAACCTTAAGT AAGC 
AACAGCATAACAAGGTCCAAGA TACCTAAAAGAGATTTCAAGAGATTTAATTAATCATGAATGTGTAACACAGTGCCTTCAATAAATGGTATAGCAAATG 
TTTTGACATGAAAAAAGGACAATTTCAAAAAAATAAAATAAAATAAAAATAAAT TCACCTAGTCTAAGGA TGCTAAACCT TAGTACTGAGTTACATTGTC 
ATTTATATAGATTATAACTGTCTAAATAAGTTTGCAATTTGGGAGATATATTTTTAAGATAATAATATATGTTTACCTTTTAATTAATGAAATATCTGTA 
TTTAATTTITGACACTATATCTGTATATAAAATATTTTCATACAGCATTACAAATTGCTTACTTTGGAATACATTTCTCCTTTGATAAAATAAATGAGCTA 


TGTATTAACACTGCCAGATTCAGTTAATAAATCTCAACAGAATTTTTAAGGTGAGATTTTTAATACTTCACTGCTCTTTAATTTTCTACTTTCATTGAAT 3916 


Figure 7.1 


Nucleotide sequences from the human IL-7 gene. Intron sequences are indicated in lower case letters. A 


potential CAAT sequence, E12 binding site, SP1 binding site and polyadenylation signals (AATAAA) are underlined. 


Da. This includes a 25-amino-acid signal sequence which 
is absent from the mature IL-7 protein. The 5’ 
untranslated region of the murine cDNA contains 548 
nucleotides, while the analogous region of the human 
cDNA spans a region of 384 nucleotides. Conversely, the 
3’ untranslated region of the human cDNA contains 658 
nucleotides and is larger than the corresponding region 
of the murine cDNA (579 nucleotides). The murine 
cDNA contains an open reading frame encoding 154 
amino acids. Twenty five of the amino acids comprise a 
signal sequence, which is identical in length to the 
human signal sequence. The human gene contains a 54 
bp exon (exon 5) which is completely absent from the 
murine IL-7 gene. The artificial deletion of exon 5 from 


the human cDNA has no effect on the biological activity 
of the protein produced from the altered cDNA. The 
biological significance of exon 5 is at present completely 
unknown. The chromosomal location of the human gene 
has been identified as chromosome 8, in region ql2-13 
(Sutherland et al., 1989). The corresponding location of 
the murine gene has not been defined. 

Northern blotting analysis was used to examine the 
tissue distribution of IL-7-specific transcripts. In murine 
tissue the highest level of expression observed was in the 
thymus, with somewhat lower levels of expression 
observed in the spleen and kidney. In the thymus, four 
different sizes of transcripts were detected corresponding 
to 2.9, 2.6, 1.7, and 1.5 kb. All of the four different sizes 
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Figure 7.2 Structure of the human IL-7 gene. y 


of thymic transcripts have been shown to be derived by 
alternative splicing and polyadenylation of a single core 
transcript (Cosman et al., 1989). Of particular interest 
was the presence of alternative splicing in the 5’ 
untranslated region of the transcript, which is quite rare. 
As mentioned earlier, this could relate to the regulatory 
control inherent to the 5’ noncoding region. Murine 
splenic tissue contains transcripts of 2.9, 2.6, and I.7 kb, 
while kidney tissue exhibited two faint bands at 2.9 and 
2.6 kb. Northern blot analysis of human spleen and 
thymus demonstrated the presence of two sizes of 
IL-7 transcripts. Human splenic tissue displayed a single 
2.4kb transcript while the human thymus exhibited a 
2.4kb and a I.8kb transcript. In contrast to murine 
tissue, IL-7 transcripts were expressed at a much higher 
level in human spleen than in human thymus. This 
species difference in IL-7 transcripts may relate to the age 
of the thymic tissue. In the murine tissue the thymic 
samples were derived from adult mice and the human 
thymic tissue was obtained from an infant. The 
significance of this disparity remains unknown. 


3. IL-7 Protein 


The amino acid sequence of human IL-7 is shown in 
Figure 7.3. Native mature murine IL-7 consists of 129 
amino acids giving rise to a predicted molecular mass of 
approximately 14900Da (Namen et al, 1988b). 
Punfied native murine IL-7 exhibits a molecular mass of 
25 000 Da as determined by SDS-PAGE. The presence 
of two N-linked glycosylation sites at amino acids 69 and 
90 probably account for at least part of the discrepancy 
between the native and the predicted molecular masses. 
Recombinant murine IL-7 produced by mammalian 
expression exhibits a molecular mass of 25 000 Da, very 
similar to the purified native molecule. 

The coding region for the corresponding human 
cDNA contains 456 nucleotides, which would result in a 


mature protein of 152 amino acids and a predicted 
molecular mass of 17400 Da. Size analysis by SDS- 
PAGE of human recombinant IL-7 produced by 
mammalian expression gave rise to protein bands of 28, 
24, and 20 kDa (Cosman et al., 1989). The human IL-7 
molecule contains three potential N-linked glycosylation 
sites. When human recombinant IL-7 was treated with 
N-glycanase and reanalyzed by SDS-PAGE, the 
molecular mass of the human IL-7 was reduced to 
20 kDa. This confirms that at least a portion of the 
discrepancy between the predicted and observed 
molecular masses can be attributed to glycosylation. 
Owing to the lack of a suitable cellular source, native 
mature human IL-7 has never been purified to 
homogeneity, but presumably would exhibit the same 
molecular mass as the recombinant mammalian IL-7 
species. 

Human and murine IL-7 exhibit a high degree of 
homology at the amino acid level (approximately 60%) 
with the exception of an additional exon coding for I9 
amino acids which are present in human IL-7. This 
additional exon has not been observed in any of the 
murine cDNAs isolated to date. Deletion of exon 5 
(which encodes the additional 19 amino acids) had no 
effect on the biological activity of the human IL-7. 
Additionally, the extra 19 amino acids do not confer any 
species specificity as the murine and human IL-7s are 
fully cross-reactive on either murine or human cells. Not 
surprisingly, the isoelectric points are very similar, with a 
value for both IL-7s of approximately 9.0. 

Both murine and human IL-7 contain six highly 
conserved cysteine residues, which are presumably 
involved in disulfide linkages. This is supported by the 
observations that both murine and human IL-7 
bioactivity are highly resistant to both SDS (1%) or mild 
heat treatment as long as the disulfide linkages are 
maintained. Even brief treatment with reducing agents 
destroys all biological activity in a nonreversible manner. 
Likewise, both species of IL-7 are quite resistant to 
extremes of pH (from 2.0 to 10.0). Purified native or 
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Figure 7.3 The amino acid sequence of mature human IL-7. The N-linked glycosylation sites are shown by dark 
circles and the six conserved cysteine residues are shaded. 


recombinant 1L-7 is quite stable at 4°C, and in our hands 
usually retains biological activity for at least several 
months. Storage at -70°C usually allows preservation of 
activity for in excess of one year. 

While it is clear that at least some disulfide bridges are 
essential for bioactivity, the nature of the cysteine pairing 
is unknown. Both murine and human 1L-7 contain six 
cysteine residues that are highly positionally conserved, 
underscoring the importance of the cysteine pairing. 
Similarly, no information is available concerning the 
secondary or tertiary structure of the molecule, but it is 
clear that 1L-7 monomers contain full biological activity. 


4 Cellular Sources 


IL-7 was originally detected in supernatants produced 
from a bone marrow stromal cell line (Namen et al., 
1988a), and it is now well established that many stromal 
cell lines derived from bone marrow secrete IL-7 
(Gimble et al., 1989). The levels of 1L-7 produced, 
however, are uniformly rather low in unmodified cell 
lines. IL-7 production by stromal cells appears to be 
tightly regulated, as no native high-producing cell lines 
have been described. Moreover, most IL-7-producing 
cell lines are refractive to inductive stimuli, and only 
modest increases in IL-7 production were achieved by 
stimulation with lipopolysaccharide. Transcripts 
encoding IL-7 have been detected in murine spleen, 
thymus, kidney, and bone marrow and in human spleen 
and thymus (Cosman et æl, 1989). Murine thymic 


stromal cell lines (Sakata et al, 1990) have been 
established which constitutively produce 1L-7, as well as 
thymic epithelial cell lines (Gutierrez and Palacios, 1991) 
and fetal liver cell lines (Gunji et al., 1991). It has also 
been demonstrated that murine and human keratinocytes 
produce detectable levels of 1L-7 (Heufler et al., 1993). 
It appears in general that many stromal/epithelial cells or 
cell lines can produce 1L-7 but that 1L-7 production is 
notably absent in hematopoietic or lymphoid cells. 


5. Biological Activities 


Owing to the large amount of data produced by murine 
experiments, the section on murine 1L-7 has been 
incorporated into this section as indicative of the 
probable biological role of human IL-7. 


5.1 B CELLS 


The first biological activity described for IL-7 was the 
stimulation of proliferation of murine pro-B and pre-B 
cells (Namen et al., 1988a) in the absence of stromal 
cells. While the initial studies showed that B cell 
progenitors could respond to 1L-7 alone, it is now clear 
that other factors, such as stem cell factor (SCF) and flt3 
ligand can synergize with IL-7 to promote pre-B cell 
growth (McNiece et al., 1991; Yasunaga et al., 1995; 
Namikawa et al., 1996; Ray et al., 1996; Veiby et al., 
1996). Both IL-7 and stem cell factor are produced by 
bone marrow stromal cells and both molecules are 
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probably involved in the regulation of B cell 
development. Almost certainly, as experimentation 
proceeds, new soluble factors and cell surface molecules 
will appear which impact the biological effects of IL-7. 
IL-7 does not appear to mediate the maturation of pre-B 
cells to mature functional B cells (Takeda, 1989), a 
process which seems to be under the control of 
undefined stromal cell factors and/or cell surface 
molecules. The growth response to the IL-7 during B 
cell ontogeny is restricted to cells expressing CD34 
(Dittel and LeBien, 1995). Several known factors, which 
include transforming growth factor-B (Lee et al., 1989) 
and interleukin-la (Suda et al., 1989), have been shown 
to downregulate the proliferative activity of IL-7 on pre- 
B cells. This most likely represents a control mechanism 
to regulate the expansion of the bone marrow pre-B cell 
compartment, which appears to be the primary effect of 
IL-7 on B lineage cells. 

In contrast, mature surface IgM-positive B cells 
usually do not respond to IL-7 and also usually lack 
detectable receptors for IL-7 (Park et al., 1990). There 
is, however, one report that anti-Ig-activated B cells 
could proliferate in response to IL-7 (Joshi and Choi, 
1991). The reasons for this discrepancy are not clear, but 
may be a function of the activation state of the cell 
populations tested. It is quite clear that at present the 
major action of IL-7 on cells of the B lineage is the 
expansion of the early B cell precursor population. This 
has been confirmed in experiments utilizing IL-7 gene- 
deleted mice whereby bone marrow B lymphopotesis was 
blocked at the transition from pro-B to pre-B cells (von 
Freeden-Jeffry et al, 1995). In IL-7 transgenic mice 
there is an accumulation of immature B cells (Fisher et 
al., 1995; Mertsching et al., 1995). A role for IL-7 has 
been delineated in the differentiation of B cells dunng B 
lymphopoiesis (Corcoran et al., 1996). B cell prolifer- 
ation is not sufficient to complete V-D-J rearrangement 
and distinct IL-7-induced signals are required for 
completion (Candeias et al., 1997a,b). 


52 T OELLS 


IL-7 has proved to have a much broader range of effects 
on T lineage cells. It has been shown that IL-7 can 
directly stimulate the proliferation of murine or fetal 
thymocytes independently of the cytokines IL-2, IL-4, or 
IL-6 (Conlon et al., 1989), Confirmation of the vital role 
of IL-7 in thymocyte/T cell*development arose from 
studies depriving mice of IL-7 using neutralizing 
antibodies whereby thymic cellularity was reduced by 99% 
(Sudershan et al., 1995). Gene knockout mice exhibited a 
similar phenomenon (von Frieden-Jeffry et al., 1995). 
Data from transgenic mice overexpressing IL-7 illustrate 
that IL-7 enhances thymocyte proliferation but not 
thymocyte differentiation (Mertsching et al., 1995), 
Transgenic mice have been produced utilizing the 
IL-7 cDNA under the control of the immunoglobulin 


heavy-chain enhancer and the kappa light-chain 
promoter (Samaridas et al., 1991). The mice exhibited 
increased levels of pre-B cells in the bone marrow and B 
cells in the spleen. The levels of T cells and thymocytes 
were elevated in the spleen and thymus, respectively, with 
no observable changes in the number of myeloid cells in 
the bone marrow or periphery. There were no 
abnormalities detected in the functional capabilities of 
the B cell or T cell compartments. These results are 
consistent with the studies involving the 72” vivo 
administration of IL-7 and anti-IL-7. 

A second study also utilized the IL-7 cDNA, this time 
under the control of the immunoglobulin heavy-chain 
promoter and enhancer (Rich et al., 1993), with quite 
different results. A perturbation of the T cell 
compartment was observed, with a significant reduction 
in the levels of CD4* and CD8* cells in the thymus. 
Curiously, expression of the IL-7 cDNA in the skin 
resulted in a T cell infiltrate in the dermal region and the 
development of a progressive alopecia, hyperkeratosis, 
and finally exfoliation. Additionally, these transgenic 
animals exhibited lymphoproliferative disorders with the 
development of B cell and T cell lymphomas. The 
differences in the results of these two studies and those 
by Mertsching et al. (1995) are very striking, and the 
reasons for the discrepancies are unclear. Further study is 
obviously warranted to resolve these differences, but they 
do illustrate the potent im vivo effects of IL-7 depending 
upon the microenvironmental location and the level of 
expression of IL-7. 

A number of independent studies have addressed the 
question of which of the various subpopulations of 
thymocytes proliferate in response to IL-7. Exogenous 
IL-7 has been shown to mediate the expansion of 
CD3°CD4CD8 thymocyte precursors in fetal thymic 
organ cultures (Vissinga et al., 1992) and to maintain the 
viability of highly fractionated populations of 
CD3 CD4 CD8 thymocytes ın vitro (Suda and Zlotnik, 
1991). Studies by Conlon et al. (1989) and Suda and 
Zlotnik (1991) established that the CD3°CD4CD8 
population of adult or fetal thymocytes proliferates in 
response to IL-7. The results of these studies and several 
others indicate that IL-7 is a potent growth factor for 
primarily primitive T cell precursors. The largest 
expansion involves the CD3°CD4CD8 precursor 
population, with more modest increases in cell number in 
the more primitive CD3°CD4 CD8° population. The 
association of IL-7 with early thymocyte growth is also 
suggested by the levels of IL-7 messenger RNA that 
occur during fetal thymic development (Wiles et æl., 
1992). Detectable IL-7 mRNA first appears at day 12 of 
development in the murine fetal thymus, peaks at days 14 
to 16, and then declines as birthing approaches. The IL- 
7 protein is detectable at day 13 of development. 
Moreover, blocking antibodies to IL-7 have been shown 
to severely limit the expansion of thymocytes in fetal 
thymic organ cultures. While IL-7 is certainly a major 


factor in thymic development, the details regulating the 
effects of IL-7 in the thymus are still being explored. It 
has been shown that transforming growth factor-B can 
downregulate the proliferative effects of IL-7 on early 
thymocytes (Chantry et al., 1989). Another study has 
shown that IL-7 is requisite for the IL-1-stimulated 
proliferation of thymocytes (Herbelin et al., 1992), and 
is involved in the synergistic activities of granulocyte- 
macrophage colony-stimulating factor and tumor 
necrosis factor. Still another study demonstrated that 
exposure of fetal thymic lobes to IL-7 resulted in a 
marked expansion of the developing thymocytes with 
little or no development of cytolytic function (Widmer, 
1990). When these cells were subsequently exposed to 
IL-2 they rapidly developed cytolytic function. This 
would seem to indicate that a major role for IL-7 in 
thymic development is the expansion of thymic 
precursors which could then differentiate in response to 
the complex interplay of additional factors in the 
microenvironment of the thymus. 

In contrast to data from transgenic mice, several other 
studies have shown that IL-7 may also exhibit 
differentiative effects on early thymocyte precursors 
(Appasamy, 1992). Exposure of murine fetal liver to 
IL-7 stimulates expression of messenger RNA encoding 
the T cell receptor a, B and y chains. Others have shown 
that IL-7 can promote the differentiation of human 
thymic precursors into T cell receptor-positive y-6 cells 
(Groh erl., 1990). Similar experiments with murine 
fetal thymocytes (Watanabe et al., 1991) also demon- 
strated a promotion of the development of y-6-bearing T 
cells. IL-7 seems to occupy a special role in the 
development of y-6 T cells with the capability of both a 
proliferative and a differentiative role. The mechanisms 
of T cell development are extremely complex and still not 
well understood, but it is now becoming clear that IL-7 
plays a major and still emerging role in the process. 

In contrast to B-lineage cells, where IL-7 effects only 
the precursor pool, IL-7 has potent effects on mature 
peripheral T cells as well as developing primitive T cells 
(Webb et al., 1997). IL-7 has been shown to be a potent 
growth factor on mature T cells, particularly in the 
presence of a costimulatory signal. Morrissey and 
colleagues (1989) demonstrated that IL-7 and 
concanavalin A stimulated the proliferation, expression of 
receptors for IL-2 on T cells, and the synthesis and 
secretion of IL-2 from T cells. Similar results have been 
shown with IL-7 and a number of different costimull. 
These include IL-7 and anti-T-cell receptor monoclonal 
antibodies (Armitage et al, 1990), the adhesion 
molecules CD2 and CD28 (Costello et al., 1993), 
phorbol myristate acetate (PMA) (Chazen et al., 1989), 
and phytohemagglutinin (PHA) (Welch et al., 1989). 
Generally, on mature T cells IL-7 appears to require a 
second signal for maximal mitogenic activity. An 
interesting and perhaps physiologically relevant 
observation is that adhesion molecules can provide the 
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second signal. Since the stromal cells known to produce 
IL-7 also express adhesion molecules and/or their 
ligands, it is interesting to speculate that this particular 
combination may have an important role in T cell 
function im vivo. The potential involvement of IL-2 in 
the IL-7-driven proliferation of mature T cells appears to 
depend upon the costimulatory signal. Costimulation 
with concanavalin A and IL-7 results in the production of 
IL-2 and the expression of receptors for IL-2. 
Costimulation with anti-T-cell receptor monoclonal 
antibodies or anti-CD28 antibodies in the presence of 
IL-7 promotes the expression of IL-2 receptors but 
elicits only a weak production of IL-2. Finally, the 
combination of IL-7 and PHA, PMA, or anti-CD2 
stimulates IL-2 receptor expression in the absence of 
detectable IL-2 synthesis. The results are very complex 
and probably reflect the differences in experimental 
design and cell populations examined. While IL-2 may be 
involved in IL-7-driven proliferation of T cells in some 
instances, there is no evidence for the involvement of 
other T cell stimulators such as IL-4 or IL-6. There is 
general agreement between experimental studies that the 
stimulation of T cells can involve both the CD4’ and the 
CD8* compartments. IL-12 is able to synergize with IL- 
7 during T cell activation (Mehrota et al., 1995). During 
activation, IL-7 enhances CD23 expression (Carini and 
Fratazzi, 1996) and modulates expression of IL-4 and 
IFN-y (Dokter et al., 1994; Borger et al., 1996). 


5.3 CYTOTOXIC T CELLS AND LAK 
CELLS 


IL-7 has been shown to enhance the generation of 
cytotoxic T cells (Alderson et æl., 1990) and lymphokine- 
activated killer cells (Lynch et al., 1990; Dadmarz et al., 
1994). This enhancement appears to be independent of 
IL-2. Another study demonstrated that IL-7 induces 
cytotoxicity in mixed lymphocyte reactions and against 
virally infected targets (Hickman et æl, 1990). 
Neutralizing antiserum to IL-7 could partially reverse the 
cytotoxic responses in mixed lymphocyte cultures, while 
IL-2 neutralizing antibodies had no effect. Naume and 
Esperick (1991) have utilized purified CD56" cells and 
shown a marked proliferation in response to IL-7, 
without an IL-2 involvement. These cells also generated 


_ substantial levels of LAK activity following incubation in 


IL-7, although the levels were less than those generated 
in response to IL-2. This has been confirmed in a study 
using LAK cell activity against melanoma cells 
(Schadendorff et al., 1994). 


5.4 MYELOPOIESIS AND MONOCYTE 
ACTIVATION 


Most of the biological effects of IL-7 have centered 
around its enhancement and/or differentiation of 
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lymphoid cells. The effects of IL-7 have now been 
extended to include the myeloid lineage. Although IL-7 
has no effect in myelopoiesis alone, in combination with 
either stem cell factor (Fahlman et al., 1994) or the 
colony-stimulating factors (Jacobsen et al, 1994a,b), 
IL-7 induces macrophage and granulocyte /macrophage 
colonies. Human monocytes purified from peripheral 
blood respond to IL-7 treatment by secreting IL-Ia, 
IL-18, 1L-6, and tumor-necrosis factor a (Alderson et 
al., 1991). Additionally, the IL-7-treated monocytes 
exhibited a significant tumoricidal activity against human 
melanoma cells. A second study demonstrated that IL-7 
treatment stimulated expression of the gene for 
macrophage inflammatory protein-1f (Zeigler et al., 
1991). These studies suggest a role for 1L-7 in the 
mediation of the inflammatory immune response 
through the activation of peripheral monocytes. 


5.5 IL-7 IN VIVO 


The availability of recombinant IL-7 and the gene 
encoding IL-7 have prompted a number of IL-7 
experiments 7” vivo to better understand its physiological 
role. When normal mice were injected subcutaneously 
with IL-7, significant increases in the cellularity of bone 
marrow were due to marked increases in pre-B cells 
(Morrissey et al., 1991a). There was a 2-fold increase in 
B cells in the spleen and lymph node over the same time 
period. In addition there were increased levels of both 
CD4* and CD8" T cells in the spleen and thymus. All cell 
numbers returned to normal upon the withdrawal of IL- 
7 treatment. Similarly, in mice rendered leukopenic by 
the administration of cyclophosphamide, subcutaneous 
IL-7 treatment dramatically accelerated the regeneration 
of pre-B cells in the bone marrow and B cells in both the 
spleen and lymph node (Morrissey et al., 1991b). An 
accelerated recovery of CD4* and CD8* T cells was also 
observed in the spleen and lymph node. Another study 
by Grabstein and colleagues (1993) explored the effects 
of the administration 2” vivo of an anti-IL-7 neutralizing 
monoclonal antibody. A profound inhibition of B cell 
progenitors was observed in the bone marrow, 
manifesting itself at the pro-B cell stage. Anti-IL-7 
treatment also substantially reduced thymic cellularity 
with a 3- to 4-fold reduction of cells in the thymus. The 
remaining thymocytes exhibited a normal subset 
distribution, indicating that anti-IL-7 treatment affected 
all of the major thymic subpopulations. These studies 
suggest that IL-7 plays a pivotal role in lymphoid 
development, affecting both the B cell and the T cell 
compartments. In both of these studies (administration 
of IL-7 or neutralization of IL-7), no significant effects 
were observed on myeloid development. 

A separate study utilizing intraperitoneal 
administration of IL-7 yielded significantly different 
results (Damia et al., 1992). In normal mice there was no 
change in overall bone marrow cellularity, but there was 


a decrease in the numbers of myeloid progenitors 
observed. Increases in B cells, T cells, NK cells, and null 
cells were observed in the spleen, along with an increase 
in myeloid progenitors, suggesting the stimulation of a 
trafficking response. This study utilized a 20-fold higher 
dosage of IL-7 (10 pg, twice daily) and a different route 
of administration, which may contribute to the differing 
results. 

In agreement with this, a study by Grzegorzewski and 
colleagues in 1994 showed that no changes in bone 
marrow cellularity occurred on administration of 1L-7, 
again suggesting that changes seen in myelopoiesis result 
largely from emigration of myeloid progenitors from the 
bone marrow to peripherakorgans. 

It has also been confirmed that administration of IL-7 
to normal mice induces a pronounced leukocytosis in 
spleen and lymph node with B cells, T cells, NK cells, and 
macrophages, but here CD4:CD8 ratios were 
dramatically reduced (Komschlies et al., 1994). 


6, IL-7 Receptors 


The initial characterization of the murine IL-7 receptor 
(IL-7R) was carried out utilizing a long-term IL-7- 
dependent cell line (IxN/2b) and purified iodinated 
recombinant murine 1L-7. The binding profiles were 
nonlinear, exhibiting a high (K, ~ 5 x 10’ M`) and a low 
(K,~ 1x 10° M*) affinity component, suggesting a two- 
chain structure. Approximately 20% of the 2500 1L-7 
receptors on the IxN/2b cell line exhibited functional 
high-affinity binding which was rapidly saturable (Park et 
al., 1990). Subsequently, the cDNAs encoding both the 
putative human and murine IL-7Rs were cloned and 
characterized (Goodwin et al, 1990). Both cDNAs 
encode for a 439-amino-acid transmembrane protein 
sequence in addition to a signal sequence consisting of 
20 amino acids. The receptors exhibit a quite high level 
of homology (64% identity) at the amino acid level and 
are associated with the y chain of the IL-2 receptor 
(Noguchi et al., 1993). Therefore, IL-7R consists of two 
chains, the IL-7R-specific chain (IL-7Ra) and the y chain 
of the IL-2 receptor (Kawahara et al., 1994; Kondo et al., 
1994; He et al., 1995; Ziegler et al, 1995). A schematic 
representation of the IL-7R is shown in Figure 7.4. 
When expressed in mammalian cell lines, cDNA for IL- 
7Ra gave rise to binding profiles indistinguishable from 
profiles on native cell lines. The cDNA contains an 
extracellular region which consists of 219 amino acids, 
followed by a hydrophobic 25-amino-acid trans- 
membrane region, terminating in an intracellular 
cytoplasmic region of 195 amino acids. Interestingly, the 
six extracellular cysteines and the four intracellular 
cysteines are highly conserved between the murine and 
human receptor molecules, although the potential 
disulfide linkages and their relation to biological activity 
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Figure 7.4 Schematic representation of the human IL-7 receptor. 


are at present unknown. Both murine and human IL-7 
bind to both the murine and human IL-7Ra with similar 
profiles and affinities. 

Expression of the human IL-7Ra cDNA in a 
mammalian cell line gave rise to both high- and low- 
. affinity binding species due to the presence or absence of 
the 1L-2R y chain (Kondo et al, 1994). During 
expression of the human IL-7Ra cDNA it was observed 
that three species of mRNA encoding the IL-7Ra were 
produced (Goodwin et al., 1990). Two of the observed 
mRNA molecules encode membrane-bound forms of the 
IL-7Ra which are capable of exhibiting both high- and 
low-affinity binding. One of the membrane-bound forms 
is full-length, containing full extracellular, trans- 
membrane, and intracellular regions. The second 
membrane-bound species contains full-length extra- 
cellular and transmembrane regions, but contains a 
shorter, truncated cytoplasmic region. The binding 
characteristics of the two forms appear to be the same, 
but it is not known whether the two membrane-bound 
forms transmit the same biological signals following 
receptor occupancy. 

The predicted molecular mass of the IL-7Ro chain is 
approximately 50 kDa. The observed molecular mass of 
the expressed IL-7Rq, or the native receptor in a number 
of different cell lines, was determined to comprise a 
major species at approximately 75 kDa and a minor 
species at approximately 160 kDa (Park et æl., 1990). 
Presumably, the higher than predicted molecular mass 1s 
due to glycosylation in the extracellular region. It has 
been suggested that the two observed receptor species 
may be due to dimerization and that the dimerization 


process may generate alternative binding affinities. This 
remains to be determined. 

The third mRNA species observed following 
expression of the human IL-7Ra cDNA encodes a 
soluble secreted form of the receptor which is truncated 
at the beginning of the transmembrane region. The 
secreted form of the receptor binds efficiently to IL-7 in 
solution and is reminiscent of the soluble receptors which 
have been identified for IL-2, IL-4, IL-6, IFN-y, LIF, 
and tumor necrosis factor (Aggarwal and Pocsik, 1992). 
It has been proposed that the soluble forms of the 
cytokine receptors mediate a clearance mechanism to 
regulate the amount of active circulating cytokines. 

Finally, in addition to the aforementioned forms of the 
IL-7R, a novel low-affinity receptor for IL-7 has been 
identified by Armitage and colleagues (1992); its 
relationship to the IL-2 receptor y chain is elusive. This 
receptor binds IL-7 with an affinity 100- to 1000-fold 
less than that demonstrated previously. This low-affinity 
competable type of binding was observed on a number of 
primary cells and cell lines and included both B and T 
cells, pre-B-cells, and monocytic cells. These same 
binding studies demonstrated high numbers of low- 
affinity sites, up to approximately 100000 sites per cell. 
The function of these peculiar low-affinity IL-7 sites is 
not known. It is interesting, though, that a monocytic 
cell line (THP-1) which expresses high levels of low- 
affinity sites and no high-affinity sites exhibited a dose- 
dependent decrease in proliferation when exposed to 
IL-7. Since IL-7 provides a positive growth signal to 
lymphoid cells, it is interesting to speculate that IL-7 may 
promote lymphoid growth at the expense of other 
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hematopoietic cells (such as monocytic or myeloid cells), 
perhaps even at the developmental stage where cells 
become committed to the various hematopoietic 
lineages. This, however, is speculation and remains to be 
shown. 

The distribution of IL-7 receptors closely parallels the 
observed range of IL-7-responsive cells, and receptors 
have been shown to occur on pre-B cells, thymocytes, 
mature T cells, and bone marrow macrophages, but have 
not been observed on mature IgM-displaying B cells. 
Transcripts encoding IL-7Ra have been observed in 
human and murine spleen (Goodwin et al., 1990) and 
thymus, as well as in murine fetal liver. The transcript 
displayed a molecular mass of approximately 3.5 kDa. 

It has been documented that the human and murine 
IL-7Ra genes both contain eight exons. Sequence 
comparisons with known receptor structures established 
that IL-7Ra merits inclusion in the hematopoietin 
receptor superfamily (Pleiman et al., 1991). The IL-7Ra 
contains the canonical Trp-Ser-X-Trp-Ser region near the 
transmembrane region which is indicative of the 
hematopoietin superfamily. The typical cysteine-rich 
region near the amino terminus of the IL-7Ra contains a 
single cysteine rather than the usual two pairs. However, 
IL-7Ra now joins a growing list in this superfamily, 
which is now known to include IL-2R, IL-3R, IL-4R, 
IL-6R, EPO-R, G-CSF-R, and the GM-CSF-R. It was 
also observed by Goodwin and colleagues (1990) that 
differential splicing of a single mRNA species encoding 
IL-7Ra could lead to the production of both a 
transmembrane-bound receptor and a soluble secreted 
receptor. The alternative splicing event occurred at exon 
6 (which encodes the transmembrane region). 

The 5° upstream region of the murine IL-7Ra@ gene 
contains several identifiable regulatory elements. The 
common eukaryotic promoter sequences TATA and 
CAATT have been identified (Pleiman et æl., 1991). 
Additionally, sequences suggestive of AP-] and AP-2 
sites as well as several glucocorticoid receptor binding 
sites are present. Particularly interesting is the presence of 
sequences quite similar to those contained in interferon 
response elements, which specifically bind interferon 
regulatory factors 1 and 2. Given that IL-7 is a known 
potent inducer of cytotoxic T cells, it is interesting to 
speculate on the potential and perhaps interactive roles of 
interferon and IL-7 in viral elimination. 


a 


7. IL-7 Signal Transduction 


The hematopoietin receptor superfamily is now known to 
contain at least 10 members, but none of the members has 
been shown to exhibit intrinsic tyrosine kinase activity. 
Accordingly, it is likely that receptor expression alone may 
not be sufficient to trigger a biological response. In the 
case of the IL-7R, both resting and activated T cells 


express high-affinity receptor sites, but primarily activated 
T cells proliferate strongly in response to IL-7 (Grabstein 
et al., 1990), while resting T cells respond by expressing 
activation antigens (Armitage et al., 1990). It is likely that 
molecules associate with the IL-7R in activated T cells to 
mediate a full biological response. 

In primary human B cell precursors and B cell lines it 
has been shown that IL-7 specifically stimulates tyrosine 
phosphorylation of multiple phosphoproteins, inositol 
phospholipid turnover, and DNA synthesis, resulting in 
proliferation (Uckun et al, 1991; Seckinger and 
Fougereau, 1994). Similar results have been demon- 
strated with T cell lymphoblastic leukemias (Didbirdik e¢ 
al, 1991). IL-7 stimulation in human primary 
thymocytes and T cells results in tyrosine phosphorylation 
but no corresponding phosphatidylinositol turnover 
(Roifman et al., 1993). This could be due to differences in 
the cell populations studied, or the conditions of 
stimulation, as T cell stimulation with IL-7 commonly 
utilizes a comitogen. c-fos, n-myc, and c-myc are 
transcriptionally upregulated in response to stimulation 
with IL-7 in normal primary B cell precursors (Morrow et 
al., 1992; Imoto et al., 1996). It has been demonstrated 
that there is a functional association of the IL-7Ra@ with 
the svc family tyrosine kinases p53/56” and p59™ in pre- 
B cells (Venkitaraman and Cowling, 1992; Seckinger and 
Fougereau, 1994) and T cells (Page et al., 1995). 

Phosphatidyl 3-kinase associates with the IL-7Ra 
chain through a canonical sequence Tyr(P)-X-X-Met 
surrounding Tyr-449 and is activated via tyrosine 
phosphorylation (Dadi et al., 1994; Venkitaraman and 
Cowling, 1994). The IL-7Ra also mediates activation of 
the kinases JAK] and JAK3 in murine T cells (Foxwell ez 
al., 1995) and STAT*Seand STAT] in Breell leukemia 
cells (van der Plas et al., 1996). IL-7 induces differential 
association of PI3 kinase with IRS-1 and IRS-2 in 
thymocytes (Sharfe and Roifman, 1997). While it is clear 
that the IL-7R a chain is important for IL-7 signal 
transduction, the IL-2R y chain is also critical for full IL- 
7 signal transduction (Kawahara et al., 1994; Ziegler et 
PENDS). 


8. Clinical Applications 


8.1 GENE TRANSFER 


There is a substantial amount of data accumulating to 
suggest that IL-7 could be useful in treatments involving 
tumor immunity and gene transfer. Studies by Lynch and 
colleagues (1991) showed that IL-7 was a potent inducer 
of antitumor cytotoxic lymphocytes which exhibited an 
enhanced immunotherapeutic efficacy in cellular 
adoptive immunotherapy. Antitumor lymphocytes could 
be expanded greatly zm vitro in the presence of IL-7 with 
no loss of tumor specificity. The cells could be cultured 
for many months in the presence of IL-7 and retain the 


ability to mediate rejection of ultraviolet- or 
methylcholanthrene-induced fibrosarcomas. A similar 
study by Jicha and colleagues (1991) indicated that IL-7 
was at least as effective as IL-2 at inducing antitumor 
immunity useful in adoptive immunotherapy. Several 
other studies have indicated that IL-7 is more effective 
than other cytokines at inducing a specific cytotoxic 
response against a weakly immunogenic viral peptide 
{Kos and Mullbacher, 1992) and a murine fibrosarcoma 
(Jicha et al., 1992). These results are in agreement with a 
host of in vitro studies suggesting a potentially powerful 
role for IL-7 in the generation of cytotoxic T cells and 
lymphokine-activated killer cells. IL-7 alone, or in 
combination with other cytokines, appears to be a likely 
candidate for future studies in adoptive immunotherapy, 
particularly since [L-7 has now been shown also to 
stimulate monocytic antitumor responses (Alderson et 
aye lo? |), 

A number of studies have now been published utilizing 
gene transfer of IL-7 into a variety of tumor cell lines. 
Hock and colleagues (1991) transfected the IL-7 gene 
into a plasmacytoma cell line which mediated complete 
rejection of the injected tumor cells through a CDE T 
cell-mediated mechanism. Interestingly, an effective 
immune response was necessary for tumor rejection, as 
IL-7 transfection could not induce tumor elimination in 
nude or SCID mice. Aoki and colleagues (1992) 
demonstrated that when the IL-7 gene was introduced 
into a murine glioma cell line, the cell line had a much 
diminished tumorgenicity when injected into animals. 
Similarly, an IL-7-transfected murine fibrosarcoma was 
rejected following adoptive transfer (McBride et al., 
1992). Sharma and colleagues (1997) transferred non- 
small-cell lung cancer cells with similar results to cell lines. 
All of the IL-7-transfected tumor cell lines stimulated the 
infiltration of T cells and macrophages, both cell types 
which are known to exhibit cytotoxicity in response to IL- 
7. Of particular interest, these studies also demonstrated 
that when the animals were challenged secondarily with 
non-IL-7-transfected tumor cells, the cells were also 
rejected, indicating that the animals were endowed with a 
specific antitumor memory capability. These studies 
clearly show the effectiveness of IL-7 gene transfer in 
mediating a specific antitumor response with the resultant 
rejection of the tumor. Tumor cells transfected with IL-7 
are potent vaccines (Cayeux et al., 1995) and trials have 
been carried out with IL-7 gene transfer in melanoma and 
renal cell carcinoma (Schmidt et al., 1994; Schadendorf et 
al 995). 


8.2 IMMUNORECONSTITUTION/ 
STIMULATION 
Another potentially useful area for IL-7 therapy is in 


regeneration or stimulation of the lymploid compart- 
ment in immunocompromised situations. Intensive 
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radiation and chemotherapy prior to transplantation 1s 
particularly effective at inducing lymphopenia, with 
regeneration of the lymphoid compartment lagging 
behind regeneration of the other hematopoietic lineages. 
Since IL-7 appears to have a major role in inducing 
lymphoid development, IL-7 could have a wide clinical 
application in stimulating lymphopoiesis. IL-7 has been 
shown to stimulate lymphopoiesis post bone marrow 
transplantation in murine models (Boerman et al., 1995; 
Mathur et al., 1995; Bolotin et al., 1996). In addition, 
stimulation of the immune system by IL-7 may prove 
valuable in fighting infection (Kasper et al., 1995; 
Tantawichien et al., 1996). 


8.3 IL-7 AND DISEASE 


While IL-7 would appear to be a valuable therapeutic in 
tumor immunity and lymphopenic situations, a cautionary 
note must be exercised as to the effects of IL-7 on B cell 
and T cell leukemias. IL-7 has been shown to promote the 
proliferation of acute lymphoblastic leukemias (Elder et 
al., 1990; Touw et al., 1990; Smiers et al., 1995), B cell 
lines (Benjamin et al., 1994; Renard et al., 1995), and T 
cell lymphomas (Foss et al., 1994). It is not clear whether 
IL-7 has any kind of causative role in leukemogenesis or 
whether the IL-7 response is a remnant of normal 
development. Elevated levels of IL-7 have been found in 
Hodgkin disease, juvenile arthritis, psoriasis and multiple 
myeloma suggesting a role in these diseases (Trumper et 
al., 1994; de Benedetti et al., 1995; Foss et al., 1995; 
Kroning et al., 1997; Bonifati et al., 1997). As has 
occurred with other known growth factors, as IL-7 
proceeds through the stages of clinical applications, 
unforeseen effects, whether beneficial or harmful, are sure 
to appear. However, the potential therapeutic usefulness 
in tumor immunity and lymphopenic situations clearly 
warrants introduction into clinical trials. 
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l. Introduction 


Interleukin-8 (1L-8) was discovered by several groups at 
about the same time, resulting in a multitude of names 
for the factor, all based on the biological activities that 
allowed its initial identification. However, prior to these 
studies, the cDNA had been cloned from a differential 
screen of stimulated human peripheral blood leukocytes, 
and was named 3-I0C (Schmid and Weissman 1987). 
IL-8 is a member of the chemotactic cytokine, or 
chemokine family (Lindley et æl., 1993), and is in fact the 
most studied member of that family to date. This C-X-C 
chemokine was identified in 1986-1987, as a soluble 
factor present in supernatants after endotoxin stimulation 
of monocytes. The bioactivities by which IL-8 was 
identified all involved its effect on activation of 
polymorphonuclear leukocytes (neutrophils), particularly 
chemotaxis or granule release. 

IL-8 exerts its biological activity through two high- 
affinity glycosylated receptors, designated IL-8RA and 
IL-8RB (or l and II). These two receptors are now 
known as CXC chemokine receptors 1 and 2 (CXCRI 
and CXCR2). They are members of the seven- 
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transmembrane domain G-protein-coupled receptor 
family and share 77% homology at the amino acid level. 
Although 1L-8 can bind to both receptors with high 
affinity, only the type I receptor is specific; the type 
receptor is promiscuous, and can also bind some other C- 
X-C chemokines (GRO, NAP-2, ENA-78). Neither 
receptor can bind the unrelated chemotactic agents 
leukotriene B, (LTB,), platelet-activating factor (PAF), 
the complement factor C5a, or the formyl peptide f-Met- 
Leu-Phe. Signal transduction from the receptor is 
achieved via GTP-binding proteins, and involves 
activation of protein kinase C (PKC) and mobilization of 
intracellular calcium. During cell activation by IL-8, the 
receptor-ligand complex is internalized, and the receptor 
is then recycled back to the surface. 


1.1 SYNONYMS 


Synonymous names include neutrophil-activating factor 
(NAF) (Walz et al., 1987; Lindley et al, 1988); 
monocyte-derived neutrophil chemotactic factor 
(MDNCEF; Yoshimura et al., 1987); monocyte-derived 
neutrophil-activating peptide and lymphocyte-derived 
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neutrophil-activating peptide (MONAP and LYNAP; 
Schréder et al., 1987; Gregory et al., 1988); granulocyte 
chemotactic factor (GCP; Van Damme et al., 1988), 
monocyte-derived chemotaxin (MOC; Kownatski et al., 
1988); and lung carcinoma derived chemotactin 
(LUCT) (Suzuki et al., 1989). Subsequently, the name 
neutrophil-activating peptide I (NAP-1) was adopted by 
some groups, but the molecule was finally named 
Interleukin-8 (1L-8). In many publications the authors 
have attempted to avoid confusion by using their own 
nomenclature combined with the term IL-8 (e.g., NAP- 
I /IL-8). 


1.2 THE CHEMOKINE FAMILY 


The chemokines are a family of low-molecular-mass pro- 
inflammatory proteins with considerable homology at 
the amino acid level (Oppenheim et al., 1991), and with 
potent chemotactic activity for leukocytes, both 7 vitro 
and im vivo. The family is separated into two major 
subfamilies, based on a structural motif within the 
molecule, a group of four conserved cysteine residues 
forming a pair of disulfide bridges which are essential for 
the activity of the molecule. The C-X-C, or Q&Q- 
chemokines, possess an amino acid between the first two 
cysteine residues, while the C-C, or B-chemokines, lack 
an amino acid at this position. IL-8 is a representative C- 
X-C chemokine, while, for instance, monocyte 
chemotactic peptide-I (MCP-1) or RANTES (regulated 
On activation, normal T cell-expressed and secreted) are 
representative members of the C-C chemokine subfamily. 
There is also a third type of chemokine, the so-called “C- 
chemokines”, which lack the first and third cysteines in 
the motif. To date, the only member of this family to be 
identified is lymphotactin (Kennedy et al., 1995). 

There are clear functional differences between the two 
main subfamilies. Broadly speaking, the C-X-C 
chemokines tend to exert their chemotactic and 
activating effects on neutrophils, and also on other cell 
types including mononuclear cells, but not on 
monocytes. C-C chemokines, however, frequently have 
activity on mononuclear cells in general and monocytes 
in particular (e.g., MCP-I) and some have marked effects 
also on granulocytes. 


2. The Cytokine Gene 


2.1 GENOMIC ORGANIZATION OF THE 
IL-8 GENE 


Human IL-8 is encoded by a single mRNA transcript of 
approximately 1.8 kb (Schmid and Weissman, 1987) (see 
Figure 8.1). The IL-8 gene comprises four exons and 
three introns, covering 5.25 kbp of DNA (Mukaida et al., 
1989), and is situated, in a cluster with the other C-X-C 


chemokines, on chromosome 4q12-21. The overall 
structure of the gene is shown schematically in Figure 
82: 


2.2 TRANSCRIPTIONAL CONTROL 


The structure of the 5’ flanking region of the IL-8 gene 
contains many known regulatory elements, including 
binding sites for NFkB, NF-IL-6, AP-1, AP-2, AP-3, 
interferon regulatory factor-l1 and glucocorticoid 
response element (Mukaida et al., 1989). Transcriptional 
activation occurs after treatment of producer cells with a 
variety of stimuli, of which the classical ones are 1L-1a 
and IL-1B, TNF-« and batterial endotoxin, but which 
also include phorbol-12-myristate 13-acetate (PMA), all- 
trans retinoic acid (ATRA), and reactive oxygen and 
nitrogen intermediates (Remick and Villarete, 1996), 
including nitric oxide (Andrew et al., 1995). 

It has been suggested that the AP-1 and octamer 
binding motifs are dispensable for IL-8 gene activation, 
while the NF«xB and NF-IL-6 binding sites appear to be 
sufficient (Kunsch et al., 1994). Recent studies now 
indicate that the region spanning the nucleotides —94 
to —70 relative to the transcription start site of the IL-8 
gene is essential for both induction and repression by 
certain stimuli (Stein and Baldwin 1993; Kunsch et al., 
1994; Mukaida et al., 1994; Olivera et al., 1994), 
mediated mainly by the transcription factor complexes 
NF-IL-6 and NFK«B. NE-IL-6 was originally identified 
as an IL-l-induced trans-activator of the human 1L-6 
gene and belongs to the CCAAT/enhancer binding 
proteins (C/EBP) family of transcription factors (Isshiki 
et al., 1990). Several members of the NFKB family, 
such as p50 (NFKB1), p65 (RelA), c-Rel, and p52 
(NFKB2), have been shown to bind the NFKB motif of 
the IL-8 promoter. While p50, p65 and c-Rel are able 
to bind these sequences efficiently, NF-IL-6 binds to its 
own binding site very weakly. However, binding of 
NFKB to its site results in strong cooperative binding of 
NF-IL-6 to the adjacent site (Stein and Baldwin, 
IOS 

IL-8 is also regulated at the post-transcriptional level. 
In the 3°-flanking region, the IL-8 gene contains the 
repetitive ATTTA motif, which is responsible for 
destabilization of various cytokine mRNAs (Shaw and 
Kamen, 1986). 


3. The Protein 


IL-8 is produced as a 99-amino-acid (99-aa) 
nonglycosylated peptide, the N-terminal end of which 
comprises a signal sequence, cleaved enzymatically upon 
release from the producer cell (Figure 8.3). Mature IL-8 
appears to exist in multiple forms, arising from 
processing at the N-terminus which is thought to be 
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CTCCATAAGGCACAAACTTTCAGAGACAGCAGAGCACACAAGCTTCTAGGACAAGAGCCA 


GGAAGAAACCACCGGAAGGAACCATCTCACTGTGTGTAAAC 


` ATGACTTCCAAGCTGGCCGTGGCTCTCTTGGCAGCCTTCCTGATTTCTGCAGCTCTGTGT 


Met ThrSerlyvslLouAlaValAlaLeuLeuAlsAlaPheLeulleserAlaAlaLeuCys 
GAAGGTGCAGTTTTGCCAAGGAGTGCTAAAGAACTTAGATGTCAGTGCATAAAGACATAC 
GluGlyAlaValLeuProArgSerAlaLysGluLeuArgCysGlnCysIleLysThrTyr 
TCCAAACCTTTCCACCCCAAATTTATCAAAGAACTGAGAGTGATTGAGAGTGGACCACAC 
SerLysProPheHisProLysPheIleLysGluLeuArgValIleGluSerGlyProHis 
TGCGCCAACACAGAAATTATTGTAAAGCTTTCTGATGGAAGAGAGCTCTGTCTGGACCCC 
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AAGGAAAACTGGGTGCAGAGGGTTGTGGAGAAGTTTTTGAAGAGGGCTGAGAATTCATAA 
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Figure 8.1 IL-8 cDNA and amino acid sequence. The amino acids encoding the signal sequence are underlined. 
(From Matsushima et a/., 1988.) Genbank accession number of cDNA Y00787. 


controlled by specific proteases. The 77-aa (or 
endothelial) form is the major product of endothelial 
cells (Gimbrone et al., 1989), but monocytes produce 
mostly the 72-aa form, together with smaller amounts of 
77-aa, 70-aa and 69-aa forms (Lindley et al., 1988). The 


conversion of 77-aa to 72-aa form can also be achieved 
by thrombin and neutrophils (Hébert et æl., 1990). The 
72-aa form appears to be rather more potent than the 
77-aa form in a number of assays, and the naturally 
occurring shorter forms are more potent still 
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Figure 8.3 Amino acid sequence of IL-8. Cysteine residues are shown as filled circles. 
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(Clark-Lewis et al., 1991). However, the activities of the 
variants seem to be qualitatively similar. 

Several features of the molecule appear to be very 
important for activity. The two Cys—Cys bridges, which 
are a major feature in the chemokine family, are essential 
for activity. In the N-terminal region, the ELR (Glu-Leu- 
Arg) sequence is needed for functional activation of the 
receptor; C-X-C chemokines which do not possess this 
motif (e.g., platelet factor-4 (PF-4), y-IP10) cannot 
activate neutrophils (Clark-Lewis et al, 1991). 
Furthermore, the angiogenic effect of IL-8 and C-X-C 
chemokines reported by Koch and colleagues (1992) and 
Strieter and colleagues (1995) also requires this motif, 
while the non-ELR members of the C-X-C subfamily 
(e.g., PF-4) have been shown to antagonize the effect, 
resulting in anti-angiogenesis (Maione et al., 1990). 
However, in another system, the ELR-containing C-X-C 
chemokines gro- and gro-B have been demonstrated to 
have an inhibitory effect on angiogenesis (Cao et al., 
1995), suggesting that other, additional factors or motifs 
may be involved. The C-terminal o-helix, from amino 
acid 54 (Lys) to the end of the molecule, has been 
recognized as the binding site for the glycosaminoglycans 
which are present on the endothelium of the post- 
capillary venule, and to which IL-8 and other 
chemokines bind. This binding is thought to produce a 
solid-state gradient for recognition by rolling leukocytes, 
to promote haptotactic transmigration out of the blood 
vessel (Rot, 1992; Witt and Lander, 1994). Sequential 
truncation of this sequence has been shown to 
progressively reduce activity on neutrophils (Lindley et 
al., 1990). 

Amino acid substitutions have demonstrated the 
importance of other locations in the molecule in 
determining receptor binding specificity; mutation of 
Leu-25 to the conserved tyrosine present in C-C 
chemokines converts IL-8 to a monocyte 
chemoattractant which binds to the C-C chemokine 
receptor CKR-l (Lusti-Narasimhan et al, 1995). 
However, mutation of this leucine to cysteine has little 
effect on the activity of 1L-8, and does not induce 
binding to CC CKR-1 (Lusti-Narasimhan et al., 1996). 





Figure 8.4 Three dimensional structure of IL-8. 


IL-8 has been shown to be a noncovalent homodimer 
both in crystal form (Baldwin et al., 1991), and in 
solution at high concentrations (Figure 8.4) (Clore et al., 
1990). However, it appears that 1L-8 exerts its bioactivity 
as a monomer, since a single amino acid modification 
(Leu-25 to  N-methylleucine) which prevented 
association of monomers did not affect receptor binding 
or activity in functional assays (Rajarathnam et al., 1994). 


4 Cellular Sources and Production 


The variety of cell sources of IL-8 and the inducing stimuli 
have been dramatically extended since the time of the 
original reports; the current list of producer cells includes 
monocytes, macrophages, endothelial cells (Strieter et æl., 
1989; Ueno et al., 1996), lymphocytes (Gregory et al., 
1988; Schröder et al., 1988), epithelial cells (see Table 
8.1), smooth-muscle cells (Wang et al., 1991), kidney 
mesangial cells (Brown et al., 1991), chondrocytes (van 
Damme et al., 1990; Lotz et al., 1992), synovial cells 
(Golds et al., 1989; Koch et al., 1991), hepatocytes 
(Thornton etal., 1990), fibroblasts (Schröder et al., 1990; 
Tamura et al., 1992, Tobler et al; 1992), keratinocytes 
(Larsen ef al., 1989a; Gillitzer et al 1991; Chabot- 
Fletcher et al., 1994; Li et al., 1996), astrocytes (Aloisi et 
al., 1992), neutrophils (Cassatella et æl., 1992, 1993), and 
many tumor cells including melanoma (Andrew et al., 
1995; Gutman et al., 1996; Harant et al., 1996), ovarian 
carcinoma (Harant et al., 1995), and lung carcinoma cells 
(Hotta et al., 1990). Amore complete listing of sources of 
1L-8 is shown in Table 8.1. 

For most of these “newer” sources, the inflammatory 
cytokines 1L-1@ or IL-1, tumor necrosis factor-a ( TNF- 
a), or lipopolysaccharide (LPS) provide powerful 
induction, although some cells have been shown to 
produce IL-8 also in response to other stimuli, for 
instance hypoxia—reoxygenation (Metinko et al., 1992; 
Karakurum et al., 1994; Kukielka et al., 1995), adherence 
(Kasahara et æl., 1991; Stricter et al., 1992), irradiation 
with UV-B (Singh et al., 1995), viral infection (Van 
Damme et al., 1989; Choi and Jacoby 1992; Arnold et 
al., 1995), mycobacterial infection (Friedland et al., 
1992), double-stranded RNA (Oliveira et al., 1992), or 
treatment with thrombin (Ueno et al, 1996). Other 
cytokines and growth factors can induce 1L-8 production, 
including IL-2 (Wei et al., 1994), IL-7 (Standiford et al., 
1992), M-CSF (Hashimoto et al., 1996), and GM-CSF 
(Takahashi et al., 1993). Additionally, monocyte Fcy 
receptor cross-linking has been shown to induce IL-8 
(Marsh et al., 1995). Stimulation with retinoic acid has 
been shown to upregulate 1L-8 expression in some cells 
(Zhang et al., 1992; Yang et al., 1993; Harant et al., 
1995), and this agent can synergize strongly with TNF-a 
by a mechanism involving the transcription factor NF«B 
(Harant et al., 1996). 
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Table 8.1 Cellular sources of IL-8 


«ee E 


Monocyte/macrophage 


Neutrophils 
T lymphocytes 
Epithelial cells 
cornea 
gastric 
kidney 
liver 
lung 
retina 
thymus 
thyroid 
Endothelial cells 


Keratinocytes 
Fibroblasts 

gingiva 

lung 

dermal 
Astrocytes 
Chondrocytes 
Eosinophils 
Mesangial cells 
Mesothelial cells 
Smooth-muscle cells 
Synovial fibroblasts 
Synovial macrophages 
Tumor cells 

astrocytoma 

gastric carcinoma 

fibrosarcoma 

glioblastoma 

lung carcinoma 

melanoma 

osteosarcoma 

ovarian carcinoma 

renal carcinoma 


Walz et al. (1987), Peveri et al. (1988), Schröder et al. (1987), Kristensen et al. (1991), 
Metinko et al. (1992), Anttila et al. (1992), De Waal Malefyt et al. (1991), Marsh et al. (1995) 
Cassatella et al. (1992, 1993) 

Gregory et al. (1988), Schroder et al. (1988) 


Elner et al. (1991) 

Crabtree et al. (1993, 1994) 

Schmouder et al. (1992) 

Thornton et al. (1990) 

Standiford et a/. (1990a) 

Elner et al. (1990) 

Galy and Spits (1991) 

Weetman et al. (1992) i l 

Sica et al. (1990), Kristensen et al. (1991), Strieter et al. (1988, 1989), Schröder and 
Christophers (1989), Gimbrone et al. (1989), Kaplanski et al. (1994), Ueno et al. (1996) 
Gillitzer et al. (1991), Chabot-Fletcher et al. (1994), Li et al. (1996) 


Tamura et al. (1992) 

Tobler et al. (1992) 

Schröder et al. (1990) 

Aloisi et al. (1992) 

Van Damme et al. (1990), Lotz et al. (1992) 
Braun et al. (1993), Yousefi et al. (1995) 
Brown et al. (1991), Zoja et al. (1991), Abbott et al. (1991) 
Goodman et al. (1992) 

Wang et al. (1991) 

Golds et al. (1989) 

Koch et al. (1991) 


Van Meir et al. (1992) 

Yasumoto et al. (1992), Crabtree et al. (1994) 

Mukaida et al. (1992) 

Van Meir et al. (1992) 

Hotta et al. (1990) _ 

Andrew et al. (1995), Colombo et al. (1992), Harant et al. (1996), Gutman et al. (1996) 
Van Damme et al. (1989) 

Harant et al. (1995) 

Abruzzo et al. (1992) 


The variety of factors which affect cytokine-induced 
IL-8 production is also quite extensive, but appears 
to be cell-specific. 1L-8 can be downregulated by 
dexamethasone (Anttila et al., 1992a; Mukaida et al., 
1994), the immunosuppressants cyclosporin A (Zipfel et 
al., 1991; Wechsler et al., 1994) and FK506 (Mukaida et 
al., 1994), oxygen radical scavengers (DeForge et al., 
1992), interferons (Oliveira et al., 1992, 1994; Cassatella 
et al., 1993; Schnyder-Candrian ef al., 1995), 1L-10 (de 
Waal Malefyt et al., 1991; Kasama et al., 1994; Wang et 
al., 1994), and IL-4 (Standiford et al., 1990b; Wertheim 
et al., 1993). In keratinocytes, fibroblasts and PBMC, 
treatment with 1,25-dihydroxy vitamin D, reverses the 
IL-8-inducing effect of 1L-1 (Larsen et al., 1991), 
although not in endothelial cells. Type-1 interferons can 
also inhibit 1L-8 production in hematopoietic and bone 
marrow stromal cells (Aman eż al., 1993) and melanoma 
cells (Singh er zie 0): 


5. Biological Activities 


IL-8 was originally characterized and isolated by its 
ability to induce neutrophil activation, observed as 
degranulation, shape change, and chemotaxis. Exocytosis 
occurs from specific granules and, after pretreatment 
with cytochalasin B, from azurophilic granules, measured 
by elastase or B-glucuronidase release (Peveri et al., 
1988). Activation is also witnessed in neutrophils by 
stimulation of the respiratory burst, reflecting activation 
of NADPH oxidase and resulting in reduction of 
molecular oxygen to superoxide (Thelen et al., 1988). A 
further activity of 1L-8 is the regulation of adhesion 
molecule expression on the neutrophil cell surface, 
inducing changes vital for cell migration in vivo. 
Neutrophils transported by the bloodstream express 
constitutively on their surface the adhesion molecule 
L-selectin, and, as they come into contact with an area of 


activated endothelium, they slow down as they stick to 
the endothelial surface. The selectin binding forces are 
relatively weak and allow rolling of the neutrophils under 
the shear stress caused by the blood flow. However, it is 
hypothesized that when they come into contact with a 
solid-state gradient of IL-8 bound to the endothelium 
(Rot, 1992, 1993; Rot et al., 1996), signaling through 
the IL-8 receptor causes the shedding of L-selectin, with 
a Concomitant upregulation on the neutrophil surface of 
members of the integrin family of adhesion molecules, 
CPA Tand Mac-1 (CD1la/CD18 and CD11b/CD18, 
respectively). These integrins bind very strongly to their 
intercellular adhesion molecule (ICAM) counterligands 
on the endothelium and stop the rolling action, allowing 
the cell to transmigrate by a haptotactic mechanism (Rot, 
1993) through the endothelium toward the source of the 
chemoattractant. 

However, although neutrophils are still thought by 
many to be the major target cell for this chemokine, the 
effects of IL-8 are not confined to neutrophils. It has also 
been reported to be chemotactic for GM-CSF or IL-3- 
primed eosinophils, and to have triggering effects on IL- 
3-primed basophils, inducing the release of histamine 
and the lipid mediator leukotriene C, (LTC,) (Dahinden 
et al., 1989). Also, there are reports of both direct and 
indirect chemotactic activity for T cells (Larsen et al., 
1989b; Zachariae eral, 1992; Babi et al., 1996; Taub et 
al., 1996), although there is also evidence to the contrary 
(Roth et al., 1995). Other reported activities of this 
pleiotropic cytokine include inhibition of IL-4-induced 
IgE production by, and growth of, B cells (Kimata et al., 
1992, 1995; Kimata and Lindley 1994), angiogenesis 
(Smith et al, 1994; Strieter et al, 1995), and 
mitogenesis and chemotaxis of keratinocytes (Tuschil et 
al., 1992). These diverse activities have suggested a role 
for IL-8 in a variety of diseases, including rheumatoid 
arthritis, ulcerative colitis, cystic fibrosis, alcoholic 
hepatitis, psoriasis, ischemia-reperfusion injury, and 
allergy. Furthermore, IL-8 has been recently shown to 
stimulate the release of functional hematopoietic 
progenitors from the bone marrow to the peripheral 
blood (Laterveer et al., 1995, 1996), and to suppress 
myeloid progenitor proliferation (Daly et al, 1995), 
raising the possibility of a regulatory role for IL-8 in 
hematopoiesis. 

Local administration of IL-8 in vivo, by either the 
intradermal or intraperitoneal routes, produces a marked 
neutrophil infiltrate at the site of administration, and can 
also induce plasma leakage (Colditz et al., 1990). 
Interestingly, it has been shown that mast cells play a role 
in this process, as the neutrophil recruitment response is 
impaired in mast cell-deficient mice, but can be corrected 
by reconstitution with mast cells from wild-type mice 
(Rot, 1992). A single intravenous administration of IL-8 
is followed by a rapid granulocytopenia, and then a 
longer-lasting granulocytosis (Van Damme eż al., 1988). 

A novel physiological role for chemokines in general, 
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and IL-8 in particular, is suggested by the presence of 
biologically relevant amounts of IL-8 in normal human 
sweat, produced by the epithelium of the eccrine sweat 
glands (Jones et al., 1995). The presence of IL-8 has also 
been shown in human milk and colostrum (Rot et al., 
1993). Additionally, IL-8 appears to have further roles 
related to reproduction, witnessed by enhanced levels in 
the amniotic fluid (Romero et al., 1991; Saito et al., 
1993) and reproductive tissues (Saito et al., 1994; 
Osmers et al., 1995) before parturition. Its production 1s 
at least partially under the control of progesterone (Ito et 
al., 1994; Kelly et al., 1992, 1994). The presence of 1L- 
8 at this time may be explained by its ability to induce 
cervical ripening (Kanayama et al., 1995). 


6. The IL-8 Receptors 


IL-8 exerts its biological activity through two high-affinity 
receptors, designated IL-8RA and IL-8RB. In the new 
unified chemokine receptor nomenclature, these 
receptors are termed CXCRI1 and CXCR2, respectively. 
They are members of the seven-transmembrane domain 
G-protein-coupled receptor family (rhodopsin receptor 
superfamily) (Holmes et al., 1991; Gao et al., 1993) and 
share 77% homology at the amino acid level (see Figure 
8.5). Upon ligand binding, this type of receptor 
transduces signals by activating the GDP-bound G- 
protein (GIP/GDP-binding protein), which exchanges 
GTP for GDP. The GTP-bound protein then activates 
effector proteins and hydrolysis of the GTP occurs, 
yielding the GDP form of the G-protein, which is recycled 
by forming a complex with unoccupied receptors. 


6.1 CHARACTERIZATION AND 
CLONING OF THE IL-8 
RECEPTORS 


The two high-affinity receptors were identified on the 
surface of neutrophils by binding studies, which indi- 
cated receptor numbers in the range of 20 000-75 000 
sites per cell (Besemer et al., 1989; Samanta et al., 1989; 
Grob et al., 1990). After ligand binding, the ligand- 
receptor complex is internalized, and the receptor is re- 
expressed on the cell surface 10 minutes later (Samanta et 
al., 1990). 

The cDNA encoding IL-8RA was cloned from a 
neutrophil expression library by binding of '”*I-labelled 
IL-8 (Holmes et al., 1991) and the DNA sequence 
predicts a translation product of 350 amino acids with 
five potential glycosylation sites and seven hydrophobic 
transmembrane domains. The predicted molecular mass 
is ~40kDa, but owing to glycosylation the actual 
molecular mass determined by cross-linking studies is 
55-69 kDa (Samanta et al., 1989). The cDNA for IL- 
8RB was isolated from the HL-60 cell line, and the 
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predicted protein product is slightly longer than IL-8RA, 
having 355 amino acids, but only one potential 
glycosylation site (Murphy and Tiffany, I99T). 

Although IL-8 can bind to both receptors with high 
affinity (K, = 2 nM) (Holmes et al., 1991; Lee et al., 
1992; Cerretti et al., 1993), only the IL-8RA receptor is 
IL-8-specific; the IL-8RB is promiscuous, and can also 
bind other C-X-C chemokines, gro-a/MGSA and NAP- 
24(Lee et al., 1992), and also gro-B and gro-y. Binding 
studies using IL-8RA/IL-8RB chimeric molecules show 
that the specificity of binding is located at least partially 
in the N-terminus of the receptor, and in fact a peptide 
comprising the N-terminal extracellular region has been 
shown to bind IL-8 with low affinity (La Rosa et al., 
1992; Gayle et al., 1993). Neither receptor can bind the 
unrelated chemotactic agents LTB,, platelet-activating 
factor (PAF), the complement factor C5a, or the formyl 
peptide f-Met-Leu-Phe. 

A further type of IL-8 receptor has been identified on 
red blood cells, and has been shown to be another 
promiscuous chemokine receptor, which, unlike other 
known chemokine receptors, binds both C-C and C-X-C 
chemokines (Horuk et al., 1993a). It is expressed at 
about 5000-15 000 sites per cell, and binds chemokines 
with K,~5nM (Neote et al., 1993). It was originally 
thought to be a “sink” to remove circulating IL-8 and 
other chemokines from the blood, as it appeared not to 
be coupled to the signal transduction apparatus of the 
cell (Darbonne et al., 1991). However, it has now been 
shown to be the Duffy blood group antigen, or DARC 
(Duffy antigen receptor for chemokines), which is also 
the molecule used by the malaria parasite to enter red 
blood cells (Horuk et al., 1993b). DARC has recently 
been identified on several cell types, including the 
endothelial cells lining postcapillary venules in kidney 
and spleen (Hadley et al., 1994; Peiper et al., 1995) and 
in the brain (Horuk et al, 1996). Such cellular 
distribution points to a more fundamental role than that 
of a sink for excess circulating chemokines. 

Recent binding competition studies, in which binding 
of chemokines to mouse erythrocytes was also 
demonstrated for the first time, have shown that there are 
at least four functional subdivisions in the chemokine 
superfamily. C-C and  ELR-containing C-X-C 
chemokines bind to human erythrocytes with high 
affinity, but non-ELR C-X-C chemokines exhibit 
different behavior; they are unable to displace ELR C-X- 
C chemokines but show a low affinity interaction with 
the. C-C chemokine binding sites. The C chemokine 
lymphotactin was unable to displace either C-C or C-X- 
C chemokines (Szabo et al., 1995). 

Potential counterparts of chemokine receptors are also 
encoded by some viruses, and include the human 
cytomegalovirus proteins US27, US28, and UL33 (Chee 
et al., 1990), and an open reading frame in Herpes 
saimiri virus ECREF3 (Nicholas et al., 1992). Although 
ECRF3 has only 30% identity with the cloned chemokine 
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receptors, it has 44% identity with IL-8RB in the N- 
terminal region. When expressed in Xenopus oocytes, 
ECRE-3 produced a Ca” efflux in response to the C-X- 
C chemokines IL-8, MGSA, and NAP-2, while the C-C 
chemokines produced little or no effect on the 
transfected oocytes (Ahuja and Murphy, 1993). The 
existence of virus-encoded chemokine receptors of this 
type suggests that chemokines play an important role in 
host defense against viral infection, and that the virus 
may express the receptor as a biological countermeasure. 


6.2 GENOMIC ORGANIZATION AND 


REGULATION OF IL-8 RECEPTORS 


The IL-8RA and IL-8RB genes have been localized to 
chromosomal region 2q34-35, where they span ~4 and 
I2 kbp of DNA, respectively. In each case, the open 
reading frame resides on a single exon. However, the 5’ 
untranslated regions differ greatly; for IL-8RA, it is 
composed of two exons, while for IL-8RB, alternative 
splicing of its 11 exons produces seven distinct mRNA 
species in neutrophils (Ahuja et al., 1994). Neutrophils 
express two mRNA species for IL-8RA, of 2.0 and 
2.4kb, which arise by the use of two different 
polyadenylation signals. Primer extension studies have 
revealed two major transcription start sites for IL-8RA 
and eleven for IL-8RB. 

Use of reporter gene constructs in HL-60, U-937, 
and Jurkat cell lines showed that strong constitutive 
promoter activity is contained within the regions 
extending 300 bp upstream from exon 1 of IL-8RA and 
81 bp upstream from exon 3 of IL-8RB, although these 
two regions have only limited sequence homology and 
do not contain any classical promoter elements. 
However, a region 643 bp upstream from exon 1 of IL- 
8RB conferred only low levels of constitutive expression 
on the reporter gene. A conserved TATA sequence is 
located 47 bp upstream of the 5’ end of exon 1 of IL- 
8RB (Ahuja ez al., 1994). 


7. Signal Transduction 


Signal transduction from the receptor is achieved via 
GTP-binding proteins (G-proteins), and involves 
activation of protein kinase C (PKC) and mobilization of 
intracellular calcium. During cell activation by IL-8, the 
receptor—ligand complex is internalized, and the receptor 
is then recycled back to the surface. 

In human neutrophils, receptors with bound IL-8 
interact with G-proteins, as indicated by the ability of 
Bordetella pertussis toxin to inhibit neutrophil responses 
(Thelen et al, 1988). Via the activation of a 
phosphotidyl inositol-specific phospholipase C, two 
second messengers are produced, diacylglycerol and 
inositol I,4,5-trisphosphate (IP;) (Pike et al., 1992). 
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Diacylglycerol activates PKC, while IP, releases Ca” from 
intracellular stores, resulting in a transient rise in 
intracellular calcium ion concentration (Baggiolini et æl., 
1992; Smith et al., 1992), which is necessary for the 
induction of exocytosis and the respiratory burst. 


8. Climical Implications 


IL-8 is frequently found at high levels in diseases 
associated with neutrophil influx. For instance, during 
the course of rheumatoid arthritis, IL-8 can be detected 
in the synovial fluid of the rheumatoid joint (Brennan 
et al., 1990), in some cases at levels which correlate 
well with the number of cells in the fluid (Peichl et al., 
1991), suggesting a strong connection between the 
local disease process and the chemokine. Furthermore, 
synovial cells from rheumatoid arthritis patients have 
been shown to produce IL-8 (Seitz et al., 1991; Bas et 
al., 1992; Loetscher et al., 1994). In the periphery, an 
autoimmune response is mounted, resulting in 
circulating anti-IL-8 IgG at levels which reflect the 
disease severity (Peichl et al., 1992). In the case of 
ulcerative colitis, a similar picture is seen; elevated levels 
of IL-8 present in tissue from inflamed areas of the gut, 
and an anti-IL-8 IgG autoimmune response apparent in 
the periphery (Mahida ez æl., 1992; Raab et al., 1993). 
The role of these anti-IL-8 antibodies is unknown, but 
they are present at low but detectable levels even in 
healthy individuals (Sylvester et al., 1992), and may 
represent a defense mechanism against free IL-8 in the 
periphery which has been released from a major site of 
inflammation. High levels of circulating IL-8 in rabbits, 
induced by repeated intravenous injection, have been 
shown to produce lung damage, inducing lung 
pathology reminiscent of adult respiratory distress 
syndrome (Rot, I99I), and a natural defense against 
such a dangerous event may be vital. 

IL-8 appears to play a role in airway inflammation, 
being associated particularly with cystic fibrosis (Dean et 
al., 1993; Dai et al., 1994), asthma (Shute et al., 1997), 
adult respiratory distress syndrome (ARDS) (Jorens et 
al., 1992), and infant respiratory distress syndrome 
(IRDS) (Little et al, 1995). Anti-IL-8 autoantibodies 
have also been found in ARDS (Kurdowska et al., 1996) 
and asthma (Shute et al., 1997). 

Another area where IL-8 is thought to play a major 
role is hypoxia—reperfusion “injury, participating in 
neutrophil-mediated myocardial injury (Kukielka et al, 
1995). The importance of IL-8 in such conditions is 
underlined by studies where anti-IL-8 antibodies have 
been shown to greatly reduce tissue damage and infarct 
size in animal models of hypoxia-reperfusion (Sekido et 
al., 1993). In several other tn vivo acute inflammation 
models, administration of anti-IL-8 antibodies also 
reduces neutrophil-mediated tissue damage and 
neutrophil infiltration (Broaddus et al., 1994; Harada et 


al., 1994; Folkesson et al., 1995) and 
proteinurea in experimental acute immune complex- 
induced glomerulonephritis (Wada et al., 1994). 

IL-8 also appears to be involved in Helicobacter pylori- 
related gastroduodenal disease. IL-8 expression is 
increased in the gastric mucosal epithelium during H. 
pylori-associated inflammatory events (Crabtree et æl., 
1994; Crabtree and Lindley 1994), and a mucosal anti- 
IL-8 IgA response is apparent, with concentrations of 
antibody correlated to IL-8 levels (Crabtree et al., 1993). 
It is possible that this local IgA production is a host 
response designed to limit mucosal damage associated 
with a chronic bacterial infection. 

Expression of IL-8 has also been detected in a variety 
of inflammatory skin diseases, including „psoriasis 
(Gillitzer et al., 1991; Nickoloff et al., 1991; Schröder, 
1992; Bruch-Gerharz et al., 1996; Kulke et al., 1996), 
palmoplantar pustulosis (Antilla et æl, 1992b), and 
allergic contact dermatitis (Griffiths et al., 1991). 
Furthermore, anti-IL-8 antibodies have been shown to 
suppress the delayed-type hypersensitivity reaction in a 
rabbit model (Larsen et al., 1995). Taken together, these 
observations suggest an important mediator role for IL- 
8 in the pathomechanism of dermatological diseases. 
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l. Introduction 


Originally isolated in the mouse on the basis of its T cell 
growth factor activity, interleukin 9 (IL-9) seemed to be 
characterized by a narrow specificity for some T-helper 
clones. However, like many cytokines, IL-9 is presently 
known to interact with various biological targets and 
shows many similarities with other factors regarding the 
regulation of its expression as well as its cellular activation 
pathways. 

The first isolation of IL-9 was made possible by its 
ability to sustain the long-term growth of murine T cell 
clones in the absence of feeder cells and antigen. Taking 
advantage of such factor-dependent cell lines, the protein 
was purified to homogeneity and provisionally 
designated P40, based on its apparent size in gel filtration 
(Uyttenhove et al., 1988). A P40 cDNA, isolated using 
oligonucleotides deduced from the protein sequence, 
allowed for production of the recombinant protein and 
further characterization of its biological activities (Van 
Snick et al., 1989). 

Independently, Hiiltner and coworkers observed that 
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activated splenocytes produced a factor able to enhance 
the proliferation of mast cell lines in response to IL-3 or 
IL-4 (Hiiltner et al., 1989; Moeller et al., 1989). This 
activity was partially purified and called mast cell growth 
enhancing activity (MEA). In addition, high levels of 
MEA were also found to be produced by T lymphocytes 
of the T,,2 subset derived by Schmitt and colleagues, 
who had observed that these cells produced a T cell 
growth factor distinct from IL-2 and IL-4, called TCGF- 
III (Moeller et al., 1990). The molecular cloning of a 
murine P40 cDNA and the availability of recombinant 
protein led to the conclusion that the same factor was 
responsible for all these biological activities (Htiltner et 
aip 1990). 

Human IL-9 cDNA was identifed by cross- 
hybridization with a mouse probe (Renauld et al., 
I1990a) and by expression cloning of a factor stimulating 
the proliferation of a human megakaryoblastic leukemia 
(Yang et al., 1989). More recently, IL-9 activities were 
described on normal hematopoietic progenitors 
(Donahue et al., 1990), human T cells (Houssiau et al., 
ieee) i cells (Dugas et al., 1993; Petit-Frere et al., 
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1993), fetal thymocytes (Suda et al., 1990a), thymic 
lymphomas (Vink et al., 1993), and murine neuronal cell 
lines (Mehler ez al., 1993). 


2. The IL-9 Gene: Structure and 
Expression 


The human IL-9 gene is a single-copy gene located on 
chromosome 5, in the 5q3I-35 region (Modi et al., 
1991). Interestingly, this region also contains various 
growth factor genes and growth factor receptor genes such 
as IL-3, IL-4, IL-5, CSF-I, and CSF-IR and has been 
shown to be deleted in a series of hematological disorders. 
In addition, a linkage has recently been described between 
markers in this region and a gene controlling total serum 
IgE concentration (Marsh et al., 1994). Radiation hybrid 
mapping analysis has recently located the IL-9 gene 
between the IL-3 and the EGR-I (early growth response- 
I) genes (Warrington et al., 1992). 

The human IL-9 gene consists of five exons and four 
introns spreading over approximately 4kb of DNA 
(Renauld et al., 1990b). The first exon contains a 5’ 
untranslated region of 30 bp and the last exon contains a 
3’ untranslated region of 164 bp including four ATTTA 
motifs that are thought to modulate the stability of the 
mRNAs. The structure and sequence of the IL-9 gene is 
shown in Figures 9.I and 9.2. 


EXON 1 


The promoter of the IL-9 gene contains several 
consensus sequences such as a classical TATA box located 
22-24 nucleotides upstream the transcription start, and 
potential recognition sites for several tetradecanoyl- 
phorbol-I3-acetate (TPA)-inducible transcription factors 
such as AP-I and AP-2, which could provide a structural 
basis for the induction of IL-9 expression by phorbol 
esters. A putative recognition site for IRF-I (interferon 
regulatory factor-1) was also identified in the promoter 
but its physiological relevance remains more elusive 
(Renauld et al., 1990b). Additional consensus motifs 
were described in the 5’ flanking region of the human 
IL-9 promoter (SPI, NF«B, octamer, AP-3, AP-5, 
glucocorticoid-responsive'+ element, cAMP response 
element, and others) and it was suggested that the NFKB 
site and cAMP response element could be involved in the 
constitutive expression of IL-9 by human T-cell leukemia 
virus-I (HTLV-I)-transformed T cells (Kelleher et al., 
199): 


3. Characterization of the IL-9 Protein 


The cDNA for human IL-9 was independently cloned 
from activated peripheral T cells by hybridization with 
the mouse probe (Renauld et al., 1990a) and from an 
HTLV-I infected T cell line by expression cloning of a 
factor active on a megakaryoblastic leukemia cell line 
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Figure 9.1 


DNA sequences of the human IL-9 cDNA. The five exons of the IL-9 gene are indicated. Amino acids 


corresponding to the signal peptide are underlined as well as nucleotide motifs involved in mRNA stability (ATTTA) 
and the polyadenylation signal (AATAAA). 
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Figure 9.2 Structure of the human IL-9 gene. The five exons are indicated, with hatched sections indicating the 
untranslated regions. 


(Yang et al., 1989). Its sequence is shown in Figure 9.3. 
The deduced protein sequence contains 144 residues 
including a typical signal peptide of 18 amino acids and is 
characterized by four potential N-linked glycosylation 
sites, ten cysteines and a strong predominance of cationic 
residues, which explains the elevated pI (~I0) of the 
protein. The deglycosylated protein has a molecular mass 
of approximately 14kDa and the glycosylated material 
can have a molecular mass of 25—40 kDa. 

The original bioassay for human IL-9 is based on the 
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Figure 9.3 The amino acid sequence of human IL-9. 
Cysteine residues are shaded. 


proliferation of the Mo7E cell line, isolated from a child 
with acute megakaryoblastic leukemia (Yang et al., 
1989). This cell line is also responsive to Steel factor, 
GM-CSF, and IL-3 which are more potent stimulators of 
these’ cells. (Hendrie erai 190 Pmannen e 
measurement of IL-9 in mixtures of cytokines difficult 
without the use of specific neutralizing anti-IL4 
antibodies. While human and mouse IL-9 are equally 
active in a Mo7E proliferation assay, human IL-9 is not 
active on murine cells. A new bioassay for human IL-9 
was, however, described using murine TS1 cells 
transfected with the human IL-9 receptor cDNA 
(Renauld et al., 1992). Among the human factors 
described so far, only LIF/HILDA and insulin were 
shown to promote the proliferation of this transfected 
murine cell line (Uyttenhove et al., 1988; Van Damme et 
aL T222: 


4. Cellular Sources and Regulation of 
IL-9 Expression 


The regulation of human IL-9 expression has been 
studied at the RNA level using freshly isolated peripheral 
blood mononuclear cells (PBMC). No IL-9 message 
could be detected in these cells in the absence of any 
stimulation or after activation of B cells or monocytes. 
By contrast, T cell-specific mitogens such as phyto- 
hemagglutinin (PHA) or anti-CD3 mAb induced a 
substantial IL-9 expression, which was further enhanced 
by addition of phorbol myristate acetate (PMA). Sorting 
experiments confirmed that IL-9 was preferentially 
produced by T cell-enriched lymphocyte populations, 
and, more specifically, by CD4* T cells (Renauld et al., 
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1990b). More recently, T cell activation by anti-CD3 
antibodies and B7-1l-mediated costimulation was also 
shown to result in IL-9 production. In this system, the 
“memory” T cell subset (CD4°CD45RO0” T cells) was 
found to be responsible of most of the IL-9 expression, 
although “naive” T cells (CD4°CD45RO° T cells) were 
also able to express IL-9 under certain circumstances 
(Houssiau et al., 1995). 

The IL-9 expression induced by T cell activation was 
completely abrogated by cycloheximide, an inhibitor of 
protein synthesis, indicating the involvement of 
secondary signals in this process. Further experiments 
identified IL-2 as a required mediator for IL-9 induction 
in T cells since anti-I[L-2R mAb blocked IL-9 expression 
after stimulation with PMA and anti-CD3 mAb 
(Houssiau et al., 1992). However, the inhibitory activity 
of this mAb was not restricted to IL-9, as IL-4, IL-6, and 
IL-10 production was also dependent on IL-2 in this 
system, suggesting that the blockade of IL-9 expression 
could be secondary to the blockade of the production of 
these cytokines. Recent experiments have indeed 
demonstrated that IL-4 and IL-10 are both required for 
optimal IL-9 expression. ln addition, kinetic experiments 
showed that IL-9 expression appears in the late stages of 
T cell activation while IL-2 is produced rapidly after 
stimulation and IL-4 and IL-10 at intermediate times, 
thereby suggesting the existence of a cytokine cascade 
during T cell activation (Houssiau et al., 1995). 


5. Biological Activities of IL-9 


So far, the biological activities of IL-9 have been Studied 
mainly in murine systems, where mast cells were found to 
be one of the major targets of this cytokine. Surprisingly, 
in the human, no IL-9 activity has yet been described on 
mast cells and the main targets include hematopoietic 
progenitors, preactivated T cells, and B cells. 


5.1 IL-9 AND HEMATOPOIETIC 
PROGENITORS 


The first evidence for an involvement of 1L-9 in the 
hematopoietic system was provided by the identification 
and cloning of the human protein as a growth factor for 
the megakaryoblastic leukemia, Mo7E, a cell line 
displaying early markers of differentiation such as CD33 
and CD34, and markers for bipotent erythromega- 
karyoblastic hematopoietic precursors (Yang et al., 1989; 
Hendrie et al., 1991). This finding prompted several 
groups to evaluate the activity of IL-9 on normal 
hematopoietic precursors. Although IL-9 did not seem 
to be active on megakaryoblastic precursors, it was found 
to support the clonogenic maturation of erythroid 
progenitors in the presence of erythropoietin (Donahue 
et al., 1990). This activity was confirmed by several 


groups and reproducibly observed with highly purified 
progenitors after sorting for CD34” cells and T cell 
depletion (Birner et al., 1992; Lu et al., 1992; Sonoda et 
al., 1992; Schaafsma et al., 1993). 

By contrast, granulocyte or macrophage colony 
formation (CFU-GM, CFU-G, or CFU-M) was usually 
not influenced by IL-9. However, Schaafsma and 
colleagues observed that IL-9 also promoted some 
granulocytic as well as monocytic colony (CFU-GM) 
growth from CD34°CD2° progenitors in two out of 
eight different bone marrow donors (Schaafsma et al., 
1993). Experiments comparing the effects of IL-9 on 
fetal and adult progenitors have shown that IL-9 is 
more effective on fetal cells of the erythroid lineage and 
that addition of IL-9 to cultures of fetal progenitors 
induced maturation of CFU-Mix and CFU-GM 
(Holbrook et al., 1991). The observation that murine 
day-15 fetal thymocytes (Suda et al., 1990a), but not 
adult thymocytes (Suda eż al, I990b), respond 
synergistically to IL-9 and IL-2 further supports the 
hypothesis that the spectrum of activity of IL-9 is larger 
on fetal progenitors. The mechanism responsible for this 
wider spectrum of action and the physiological role of 
IL-9 in the regulation of hematopoiesis remain to be 
determined. 


5.2 T CELLS 


In the human system, unlike other T cell growth factors 
such as IL-2, IL-4 or 1L-7, IL-9 did not induce any 
proliferation of freshly isolated T cells, either alone or in 
synergy with other cytokines or T cell costimuli. 
However, significant proliferation could be induced by 
IL-9 when PBMC were activated for only 10 days with 
PHA, 1L-2, and irradiated allogeneic feeder cells, thereby 
indicating that responses to IL-9 might require previous 
activation (Houssiau et al., 1993; Lehrnbecher et al., 
1994). 

Experiments using human T cell clones derived either 
from established PHA-stimulated T cell lines or by direct 
cloning from freshly isolated purified T cells showed that 
most of these clones proliferated in response to IL-9, 
irrespective of their CD4 or CD8 phenotype. In 
addition, tumor-specific cytolytic T cell clones responded 
to IL-9 by proliferation or increased survival, indicating 
that the IL-9 responsiveness was not restricted to a 
particular T cell subset (Houssiau et æl., 1993). 


5.3. B CELLS 


The ability of IL-9 to modulate immunoglobulin 
production by human B cells has been investigated by 
Dugas and colleagues (1993). Although not active by 
itself, IL-9 synergized with suboptimal doses of 1L-4 for 
the IgG production by Staphylococcus aureus (SAC)- 
activated semipurified B cells by increasing the number of 
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immunoglobulin-secreting cells. However, IL-9 does not 
potentiate the IL-4-induced activation of purified B cells 
stimulated by anti-CD40 antibodies (F. Briére, personal 
communication). 


6. The IL-9 Receptor 


The human IL-9 receptor cDNA, which was isolated by 
using the mouse cDNA as a probe, encodes a 522- 
amino-acid protein with 53% identity with the mouse 
molecule (Renauld et al, 1992). The extracellular 
domain, composed of 233 amino acids, contains a 
WSEWS motif and 6 cysteine residues whose positions 
indicate that the IL-9 receptor is a member of the 
hematopoietin receptor superfamily (Bazan, 1990) 
(Figure 9.4). The cytoplasmic domain, less conserved 
than the extracellular region, is significantly larger in the 
human receptor (231 versus 177 residues in the mouse). 

As already observed for many cytokine receptors, IL-9 
receptor messenger RNAs encoding a putative soluble 
receptor have been identified as a result of alternative 
splicing. Another frequent alternative splicing of the 
human gene generates an intriguing heterogeneity in the 
5 untranslated region of the mRNA and introduces 
some short open reading frames that might represent an 
additional level in the regulation of IL9-R translation, as 










Z Cysteines 


suggested for many genes involved in cell growth 
(Kozak, 1991; Kermouni et al, 1995). This 
phenomenon, as well as the use of alternative 
polyadenylation signals, is responsible for the multiple 
bands observed in northern blots, particularly in human 
cells, and raises the possibility of a post-transcriptional 
regulation of the IL-9 receptor expression (Renauld et 
ALOT, 

The human genome contains at least four IL-9R 
pseudogenes with ~90% homology with the 1L-9R gene, 
which is located in the subtelomeric region of 
chromosomes X and Y (Chang et al., 1994; Kermouni et 
al., 1995). IL-9R was thus the first gene to be identified 
in the long arm pseudoautosomal region and turned out 
to be a unique tool for study of this particular region of 
the genome. Using a polymorphism in the coding region 
of this gene, Vermeesch and colleagues recently showed 
that IL-9R is expressed both from X and Y and escapes 
X inactivation (Vermeesch et al., 1997). 


7. Signal Transduction 


The amino acid sequence of the cytoplasmic domain of 
the IL-9 receptor did not provide much relevant 
information regarding signal transduction, except for a 
high percentage of serine and proline residues, as already 
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Figure 9.4 Schematic structure of the IL-9 receptor complex. Horizontal lines in the extracellular part of the 
receptors correspond to the four conserved cysteines of the hematopoietic receptor family, which are indicated with 
their respective positions. The WSXWS motif is shown for both receptors. The transmembrane domains are shown 
as black boxes. Hatched or dotted boxes represent the major structural features of the receptors as indicated in 
the figure. 
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observed for most cytokine receptors. Some sequence 
homology with other receptors was noted proximally to 
the transmembrane domain. As previously shown for 
many cytokine receptors (IL-4R, IL-7R, IL-3R, EPOR, 
IL-2RB, G-CSFR), a Pro-X-Pro sequence was found 
upstream from a cluster of hydrophobic residues that 
partially fits a consensus sequence designated Box 1 
(Murakami et al., 1991). Downstream from this motif, a 
striking homology was observed with the B chain of the 
IL-2 receptor and with the erythropoietin receptor. 
Interestingly, these two receptors interact with the 
cytokines that have been shown to synergize with IL-9 
for the proliferation of fetal thymocytes and erythroid 
progenitors, respectively. A schematic view of the IL-9 
receptor complex is shown in Figure 9.3. 

Recently, additional evidence has been provided for a 
link between the IL-2 receptor system and the IL-9 
receptor. Both receptors were indeed found to require a 
common chain, IL-2Ry also designated y., for signal 
transduction since an antibody directed against this 
protein inhibited the activity of 1L-9 (Kitamura et al., 
1995). Interestingly, y. does not seem to be involved in 
the affinity of the IL-9 receptor, although cross-linking 
experiments demonstrated a direct interaction between 
IL-9 and y.. In addition, IL-9 and IL-2 seem to trigger 
very similar signal transduction pathways. Upon IL-9 
binding, both JAKI and JAK3 become phosphorylated 
and catalytically active (Russel et al., 1994). These 
kinases are likely to be responsible for IL-9R 
phosphorylation on one out of its five tyrosine residues. 
This single phosphorylated residue acts as a docking site 
for STAT1, STAT3 and STAT5, three transcription 
factors that, after phosphorylation by the JAK kinases 
associated to the receptor, form hetero- or homodimers 
and migrate to the nucleus (Demoulin et al., 1996). 
Although several signal transduction studies on other 
cytokine receptors have shown that activation of STAT 
transcription factors is often dispensable for cell growth 
regulation, mutation of the single phosphorylated 
tyrosine of the IL-9R abolished both STAT activation 
and cell growth control by IL-9, including protection 
against apoptosis and positive as well as negative effects 
on proliferation (Demoulin et al., 1996). 

Besides the JAK/STAT pathway, IL-9 induces the 
activation of an adaptor protein called 4PS/IRS2, a 
feature shared with IL-4 signal transduction, where this 
pathway was shown to be critical for growth regulation 
(Keegan et al, 1994; Yin et al, 1995; Demoulin et al., 
1996). Phosphorylation of 4PS/IRS2 is not dependent 
on the phosphorylation of the IL-9 receptor, contrasting 
with the IL-4 system in which 4PS/IRS2 associates with 
the IL-4 receptor through a phosphotyrosine residue. 
Preliminary observations suggest that 4PS/IRS2 and 
JAKI activation require the same region of the IL-9 
receptor (Demoulin et al., unpublished data) and these 
two molecules were shown to be associated upon 1L-9 
stimulation (Yin et al., 1995). By contrast, IL-9 did not 


induce or enhance the phosphorylations of the serine- 
threonine kinases RAFI or MAP-K (Miyazawa et al., 
ei 


8. Murine IL-9 


The purification of mouse IL-9 was made possible by the 
use of stable factor-dependent T cell lines derived from 
normal antigen-dependent clones. The purified protein 
was characterized by an elevated pI (~10) and a high level 
of glycosylation (Uyttenhove et al., 1988). In parallel 
with the cDNA cloning {Van Snick et al., 1989), a 
complete sequencing of the purified protein has been 
achieved (Simpson et al., 1989), confirming the deduced 
amino acid sequence of the mature protein. Like its 
human counterpart, mouse IL-9 consists of 144 residues 
with a typical signal peptide of 18 amino acids. The 
overall identity with the human reached 69% at the 
nucleotide level and 55% at the protein level and four 
potential N-linked glycosylation sites were noted in both 
sequences. The ten cysteines are also perfectly matched in 
both mature proteins. 

The mouse IL-9 gene does not seem to be linked to 
the same gene cluster as its human counterpart, since it 
was localized on mouse chromosome I3 (Mock et al., 
I990) while the IL-3, IL-4, IL-5, and GM-CSF genes 
are located on chromosome I1. The murine and human 
genes share a similar organization. The five exons are 
identical in size for both species and show homology 
levels ranging from 56% to 74% (Renauld et al, 1990b). 
Contrasting with the introns, which show no significant 
sequence homology, 3” and 5’ flanking sequences exhibit 
a high level of identity between the human and murine 
genes, pointing to the importance of these regions in the 
transcriptional or post-transcriptional regulation of IL-9 
expression. 

Analysis of IL-9 expression by murine T-helper clones 
has shown a strict correlation with the T,,2 phenotype 
(Gessner et al., 1993). In vivo, 1L-9 production was 
observed during infections by helminth parasites such as 
Trichinella spiralis (Grencis et al., 1991) or Trichuris 
muris, for which resistance was found to correlate with 
the production of IL-9 in mesenteric lymph nodes (Else 
et al, 1992). During Heligmosomoides polygyrus 
infection, the patterns of secretion of IL-3 and IL-9 can 
clearly distinguish mice with fast- or slow-responder 
phenotypes. In slow-responder mice, the initial IL-3 and 
IL-9 production declines to background levels by week 6 
post infection. By contrast, fast responders continue to 
secrete high amounts of these cytokines, thereby raising 
the hypothesis that IL-3 and IL-9 facilitate expulsion of 
adult worms (Wahid et al., 1994). In this system, IL-9 
expression appeared to be an early event in the immune 
response (Madden et al., 1992; F. Finkelman, personal 
communication), in contrast to the kinetics of IL-9 
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expression 7” vitro. Further experiments are needed to 
investigate in more detail the mechanisms and cell types 
responsible for IL-9 expression in parasite infections. 

Mast cells definitely represent one of the major 
biological targets of IL-9 in the murine system. 
Permanent bone marrow-derived mast cell lines 
(BMMC) such as L138.8A were found to proliferate in 
response to a factor that was initially designated mast cell 
growth enhancing activity (MEA) (Hiiltner et a/., 1989) 
and was eventually identified as IL-9 (Hiiltner et al., 
1990). The proliferative activity of IL-9, alone or in 
synergy with IL-3 or Steel factor, was confirmed on other 
permanent murine mast cell lines such as MC-6, H7, and 
MC-9 (Williams ez al., 1990; and unpublished data from 
our laboratory). 

In addition to its proliferative activity, IL-9 also seems 
to be a potent regulator of mast cell effector molecules. 
Thus, mast cell-specific proteases of the mMCP family 
such as mMCP-1, mMCP-2 and mMCP-4 were found to 
be induced by IL-9 in mast cell lines cultured in the 
presence of Steel factor (Eklund et al., 1993). Moreover, 
expression of the @ chain of the high-affinity IgE 
receptor is also upregulated by IL-9, indicating that this 
factor could be a key mediator of mast cell differentiation 
(Louahed eż al., 1995). IL-9 was also shown to induce 
IL-6 secretion by mast cell lines (Hültner et æl., 1990; 
Hültner and Moeller, 1990). 

For hematopoietic progenitors, IL-9 displayed an 
erythroid burst-promoting activity as described in the 
human. Surprisingly, this effect turned out to be 
dependent on the presence of T cells (Williams et al., 
1990) 

The ability of IL-9 to modulate immunoglobulin 
production was confirmed with mouse B cells by Petit- 
Frére and colleagues (1993). IL-9 synergized with 
suboptimal doses of IL-4 for the IgE and IgGl 
production by LPS-activated semi-purified B cells by 
increasing the number of immunoglobulin-secreting 
cells. The role of IL-9 in this model did not correspond 
to a simple upregulation of the IL-4 responsiveness as IL- 
9 did not affect the IL-4-induced CD23 expression by B 
cells. Although these experiments did not rule out the 
possibility that the effect of IL-9 observed on murine B 
cells was mediated by accessory cells, their 7” vivo 
relevance is underlined by the observation that IL-9 
transgenic mice show a significant increase 1n total as well 
as antigen-specific serum immunoglobulin titers (J.-C. 
Renauld, unpublished observations). 

The results obtained with murine T cells differ in 
several ways from those reported in the human model 
(Uyttenhove et al., 1988; Schmitt et al., 1989). Murine 
T cells require months of ôn vitro culture before 
responding to IL-9. Moreover, when murine T cells 
become responsive to IL-9, factor-dependent lines are 
readily derived that grow independently of their antigen 
and feeder cells, while no such long-term proliferation 
has yet been obtained in the human system. However, 


these discrepancies could simply be related to the distinct 
expcrimental systems used and, in particular, to the 
differences in the stimulation procedures. Human IL-9- 
responsive T cells are strongly activated with PHA, IL-2, 
and feeder cells on a weekly basis, and this strong 
stimulation was found to be crucial for IL-9 responses. 
By contrast, a much less potent, antigen-specific, 
stimulation is used in the murine model. This difference 
could explain why freshly raised murine T cell clones do 
not respond to IL-9. On the other hand, the acquisition 
of IL-9-responsiveness by murine T cells is linked to a 
cryptic 7” vztro transformation process as indicated by the 
fact that IL-9 dependent T cells become tumorigenic 
after transfection with the IL-9 cDNA (Uyttenhove et 
al., 1991). The fact that no permanent IL-9-dependent 
human T cell lines or clones have been derived so far 
suggests that such an 7” vitro transformation process 
does not take place under the conditions used in the 
human model. ‘Taken together, these results indicate that 
different mechanisms may render T cells responsive to 
IL-9: potent activation of freshly isolated cells as 
observed in the human model, or progressive 
dysregulation resulting from long-term 2” vitro culture as 
observed in the mouse model. 

Finally, a role for IL-9 in the differentiation of 
neuronal cells has been suggested by studies on 
immortalized murine embryonic hippocampal 
progenitor cell lines, which show little evidence of 
morphological maturation. In combination with bFGF 
and TGFa, IL-9 enhanced neurite outgrowth as well as 
other morphological modifications, and conferred some 
electrical excitability to these cells (Mehler et al., 1993). 

The murine IL-9 receptor is a 468-amino-acid 
polypeptide that binds IL-9 with high affinity (K; ~100 
pM) and was detected at the surface of T cells, mast cells, 
and macrophage cell lines (Druez et al., 1990; Renauld et 
al., 1992). The murine protein has a 53% identity with 
the human receptor. The extracellular region is 
particularly conserved with 67% identity, while the 
cytoplasmic domain is significantly larger in the human 
receptor (231 versus 177 residues). In contrast with the 
human IL-9R gene, the mouse gene is a single-copy gene 
located on chromosome 1I (Vermeesch et al., 1997). It 
consists of nine exons and eight introns, sharing many 
characteristics with other genes encoding cytokine 
receptors (Renauld et al., unpublished data). 


9. Putative Involvement of IL-9 in 
Pathology 


Analysis of IL-9 transgenic mice constitutively expressing 
high levels of IL-9 has shed some light on the zn vivo 
activity of IL-9 (Renauld et al., 1994). Although the 
normal T cell development did not appear to be affected, 
about 5% of these mice spontaneously developed T cell 
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lymphomas. Moreover, the IL-9 transgenic mice were 
highly susceptible to chemical mutagenesis as all 
transgenic animals developed such tumors after low doses 
of irradiation or injections of a mutagen ( N-methyl- N- 
nitrosourea) that were totally innocuous in control mice. 
The growth-promoting activity of IL-9 for T cell tumors 
was further investigated żin vitro using other models of 
thymic lymphomas. In these experiments, it was found 
that IL-9 significantly stimulated the 7 vitro 
proliferation of primary lymphomas induced by either 
chemical mutagenesis in DBA/2 mice or by x-ray 
radiation in B6 mice (Vink et al., 1993). Moreover, 
recent experiments have pointed to the potent 
antiapoptotic activity of IL-9 for dexamethasone-treated 
lymphoma cell lines (Renauld et al., 1995). 

In the human, an association between dysregulated 
IL-9 expression and lymphoid malignancies were initially 
suggested by the observation that lymph nodes from 
patients with Hodgkin and _ large-cell anaplastic 
lymphomas constitutively produce IL-9 (Merz et al, 
1991; Triimper et al., 1993). Similar observations were 
reported im vitro for Hodgkin cell lines (Merz et al., 
1991; Gruss et al., 1992). Moreover, the demonstration 
of an autocrine loop for the zm vitro growth of one of 
these Hodgkin cell lines (Gruss et al., 1992) suggests a 
potential involvement of IL-9 in this disease. 

Another characteristic of IL-9 expression is its 
association with HTLV-1, a retrovirus involved in adult 
T-cell leukemia. It was indeed observed that HTLV-1- 
transformed T cells produce IL-9 constitutively (Yang et 
al., 1989; Kelleher et al., 1991). Although it is not yet 
clear which protein of HTLV-1 is responsible for this 
induction, Kelleher and colleagues suggested an 
implication of the Tax trans-activator through a NE«B 
consensus site in the IL-9 promoter (Kelleher et al., 
1991). An autocrine loop may also play a role in HTLV- 
1 leukemias, as illustrated by the czs/trans-activation of 
the IL-9 receptor gene by insertion of the HTLV-1 LTR 
in one leukemia cell line (Kubota et al, 1996). 
Interestingly, in another system of T cell transformation 
by murine polytropic retroviruses, viral infection also 
resulted in IL-9 expression (Flubacher et al., 1994). 
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l. Introduction 


T cell clones have been divided into different subsets on 
the basis of the pattern of lymphokines which they are able 
to produce (Mossman et al., 1986). T helper 1 clones 
(T,,1) are able to produce interleukin-2 (IL-2), 
interferon-y (IFN-y) and lymphotoxin, whereas T helper 2 
Wie? clones secrete IL-4, IL-5, and IL-6. This 
subdivision proved functionally relevant, since T41 cells 
mediate cellular immune responses and T,,2 cells provide 
help for B cells in humoral immune responses (Mosmann, 
1991; Mosmann and Coffman, 1989). It has been 
reported that T,,1 and T,,2 responses are mutually 
exclusive and that cytokines play an important role in 
directing these responses (Parish, 1972). For example, 
IFN-y inhibits the proliferation of Tą2 cells and 
antagonizes many functions of the T42 cytokine IL-4 
(Gajewski and Fitch, 1988). On the basis of these data, 
Mossman and colleagues proposed that T,,2 clones might 
produce a factor that could inhibit the proliferation 
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and/or cytokine production by T,,1 clones and set up an 
assay to test this hypothesis. They were successful in 
determining that supernatants of activated T42 clones 
could inhibit the production of IFN-y by T41 clones and 
designated this activity cytokine synthesis inhibitory factor 
(CSIF) (Fiorentino et al., 1989). The cDNA encoding this 
factor was identified from a library of a Con A-activated 
murine T,,2 clone by expression cloning, and this cDNA 
was subsequently used to isolate the human homologue 
from an activated T40 library by cross-hybridization 
(Moore et al., 1990; Vieira et al., 1991). Expression of 
these cDNAs allowed the biological characterization of 
the protein and revealed multiple activities on different cell 
types including mast cell growth factor activity 
(MCGFIII) and B cell-derived T cell growth factor activity 
(B-TCGF) (Suda et al., 1991; Thompson-Snipes et æl., 
1991). Subsequently this factor was renamed interleukin- 
10 (IL-10). At least two herpes viruses (Epstein-Barr virus 
(EBV) and equine herpes virus type 2 (EHV2)) have been 
shown to harbor analogs of the IL-10 gene (Moore et al., 
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1990; Rode et al., 1993; Vieira et al., 1991). These 
analogs (viral 1L-10 , v1L-10) are highly conserved and the 
expressed EBV-derived gene, called BCRFI, (BamHI C 
fragment, rightward reading frame I), shares many, but 
not all, activities with human IL-10 (Hsu et al., 1990). 
Several review articles have been written on the biology 
and activities of 1L-10 (de Waal Malefyt et al., 1992; 
Howard and O’Garra, 1992; Moore et al., 1991, 1993; 
Mosmann and Moore, 1991) and a volume in the 


Molecular Biology Intelligence Unit series has been 
dedicated to it (de Vries and de Waal Malefyt, 1994). 


2. The Cytokine Gene 


The sequence of the human IL-10 gene is given in Figure 
10.1 and its structure is shown in Figure 10.2. The 
human 1L-10 gene is located on chromosome lq (Kim et 
al., 1992). The gene spans ~4.7 kb of genomic DNA and 


3813 


consists of five exons separated by four introns. The first 
exon contains the 5’ untranslated sequence and the 
coding sequences for the 18-amino-acid signal peptide 
and 37 amino acids comprising the N-terminus of the 
mature protein. The fifth exon contains sequences 
encoding 30 amino acids of the C terminus and the 3° 
untranslated sequence that has a ~300 bp repetitive 
element of the human Alu family (Vieira et al., 1991). 
The intron/exon junctions do not disrupt amino acid 
codons, and introns are flanked by gt-ag sequences. A 
TATA box is located at 84 bp 5° of the ATG codon. The 
start site of transcription has not yet been determined. A 
second TATA box is located 735 bp 5’ of the first. 
However, the significance of this second TATA box is 
unknown at present. CCAAT sequence motifs are found 
148 bp, 363 bp, and 864 bp 5’ of the first TATA box. 
Putative AP-1 binding sites are located at positions — 
29 bp and -695 bp 5’ of the TATA sequence. Several 
consensus binding sites for NEF-1L-6 are located at 
—338 bp, -532 bp, -777 bp, ~ l504bDp, lool ae 


ccaatcatttttgcttacgat 


gcaaaaattgaaaactaagtttattagagaggttagagaaggaggagctctaagcagaaaaaatcctgtgccgggaaacc 


ttgattgtggctttttaatgaatgaagaggcctccctgagcttacaatataaaagggggacagagaggtgaaggtctaca 


catcagggggttgctcttgcaaaaccaaaccacaagacagacttgcaaaagaaggcATG 


CTC TGT TGC CTG GTC CTC CTG ACT GGG GTG 


GAG AAC AGC TGC ACC CAC TTC CCA GGC AAC 


AGG GCC CCA GGC 
CTG CCT AAC ATG CTT 


CAC AGC 


GGC 


TCA GCA CTG 


CAG ACC CAG TCT 


Exon 1 


CGA GAT CTC CGA GAT 


GCC 
5187 CAA 


5547 


6710 
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ATG AAG 


TAC CTG 
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AAG ACC 
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Cr Cec 
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TCT GAG 
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Figure 10.1 


AAG 


CTC CAA GAG AAA GGC ATC TAC AAA GCC ATG AGT GAG TTT GAC ATC TTC ATC AAC TAC ATA 


GAA GCC TAC ATG ACA ATG AAG ATA CGA AAC TGA gacatcagggtggcgactctatagact 
ctaggacataaattagaggtctccaaaatcggatctggggctctgggatagctgacccagccccttgagaaaccttatt 
gtacctctcttatagaatatttattacctctgatacctcaacccccatttctatttatttactgagcttctctgtgaac 
gatttagaaagaagcccaatattataatttttttcaatatttattattttcacctgtttttaagctgtttccatagggt 
gacacactatggtatttgagtgttttaagataaattataagttacataagggaggaaaaaaaatgttctttggggagcec 
aacagaagcttccattccaagcctgaccacgctttctagctgttgagctgttttccctgacctccctctaatttatctt 
gtctctgggcttggggcttcctaactgctacaaatactcttaggaagagaaaccagggagcccctttgatgattaattc 
accttccagtgtctcggagggattcccctaacctcattccccaaccacttcattcttgaaagctgtggccagcttgtta 
tttataacaacctaaatttggttctaggccgggcgcggtggctcacgcectgtaatcccagcactttgggaggctgagge 
gggtggatcacttgaggtcaggagttcctaaccagcctggtcaacatggtgaaaccccgtctctactaaaaatacaaaa 
attagccgggcatggtggcgcgcacctgtaatcccagctacttgggaggctgaggcaagagaattgcttgaacccagga 
gatggaagttgcagtgagctgatatcatgcccctgtactccagcctgggtgacagagcaagactctgtctcaaaaaaat 
aaaaataaaaataaatttggttctaatagaactcagttttaactagaatttattcaattcctctgggaatgttacattg 
tttgtctgtcttcatagcagattttaattttgaataaataaatgtatcttattcacatc” 


4221 


5247 


5700 


6776 


8978 


Exon 2 


Exon 3 


Exon 4 


Exon 5 


Sequence of human IL-10 gene. Exon nucleotides are in capitals. CAT, TATA, and AATAA sequences are 


underlined and the position of the codon representing the amino-terminus of the mature protein is boxed. The start 


of the poly(A) tail is indicated by an asterisk. 
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Exon 1 
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Figure 10.2 Genomic organization of human IL-10 gene. Intron/exon sizes and restriction sites are indicated. 


-2085 bp, -2793 bp, -2894 bp, and -2937 bp 5’ of the 
TATA sequence. A glucocorticoid response element and 
a cyclic AMP response element, which are conserved in 
the promoter of the murine 1L-10 gene, are located at 
-250 bp and -311 bp 5’ of the TATA sequence. The 
significance of these sites is currently under investigation. 
A 6-fold and an 11-fold repeat of the sequence CACA is 
located at positions —3942 bp and —1109 bp 5° of the 
TATA sequence. Transcription of the IL-10 gene yields a 
mRNA of approximately 1.6kb. The hlL-10 cDNA 
sequence and the h1L-10 gene sequence are deposited in 
the GenBank database under accession numbers 
M57627 and U16720. Shorter versions of the 5’ 
untranslated sequence were also deposited in GenBank 
by others under accession numbers X73536, X78437, 
230175, and U06844. 


3. The Protein 


The human 1L-10 gene encodes a protein of 178 amino 
acids which includes 18 amino acids of hydrophobic 
signal sequence (Figure 10.3). The mature hlL-10 
protein consists therefore of 160 amino acids and Ser-1 
was confirmed as N-terminal residue by protein 
sequencing (Windsor et al., 1993). The predicted 
molecular mass of hlL-10 is 18 647 Da and it runs as a 
single species with an apparent molecular mass of 17 kDa 
in SDS-PAGE (Vieira et al., 1991). hlL-10 contains four 
cysteine residues which form two intramolecular disulfide 
bonds with Cys-12 pairing to Cys-108 and Cys-62 to 
Cys-114 (Windsor et al., 1993). h1L-10 contains one 
possible N-linked glycosylation site at Asn-115, but this 
site is unoccupied (Trotta and Windsor, 1994). 
Isoelectric focusing-PAGE of CHO-derived hl1L-10 


showed that the isoelectric point (pI) of 1L-10 was 7.92, 
which is close to its predicted value of 7.8 (Windsor et al., 
1995). h1L-10 is stable at -20°C in phosphate buffered 
saline (PBS), pH 7.0, and can be reconstituted in PBS 
with full biological activity following lyophilization in 
ammonium bicarbonate pH 8.5. However, acidic 
treatment (below pH 5.5) will result in biologically 
inactive material (Windsor et æl., 1995). hIL-10 has a 
high degree of a-helicity. The protein contains 61% a- 
helix, 7% B-sheet, 4% B-turn, and 28% random structure. 
The a-helical regions were predicted to constitute at least 
four and possibly six independent segments (Windsor et 
al., 1995). These predictions are consistent with the four- 
&-helix bundle motif which is found in a number of 
cytokines (Shanafelt et al., 1991). ln solution, 1L-10 
exists as a noncovalently linked homodimer. Gel filtration 
has indicated an apparent molecular mass of 37 kDa, 
which is consistent with this dimeric structure. The 
homodimer dissociates in 1.5 M guanidine-HCl or at pH 
values less than 4.5 (Trotta and Windsor, 1994). h1L-10 
has been crystallized and the resulting 1L- 10 crystals were 
tetragonal of space group P43 2] 2. The x-ray crystal 
structure has been determined at 2 A and 1.8 A resolution 
(Walter and Nagabhushan, 1995; Zidanov et al., 1995). 
The molecule is a tight dimer made of two 
interpenetrating subunits forming a V-shaped structure. 
Each half of the structure consists of six a-helices, four 
originating from one subunit and two from the other. 
The overall structure resembles that of IFN-y very closely. 
The human 1L-10 protein is active on murine cells but the 
murine cytokine is not active on human cells. hlL-10 has 
90% homology at the amino acid level with viral 1L-10 
and 73% with murine 1L-10. The greatest divergences 
between these IL-10 species are found in the signal 
sequence and the first 21 amino acids of the N-terminus 
(Vieira et al., 199 ly). 
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Figure 10.3 Secondary structure of human IL-10 protein. 





Figure 10.4 Three dimensional structure of 
human IL-10. 


4. Cellular Sources and Production 


hIL-10 is produced by a number of different cell types. 
Lipopolysaccharide (LPS)-activated monocytes (de Waal 
Malefyt et al., 1991a), Staphylococcus aureus Cowan I 
(SAC)-activated B cells (Vieira et al., 1991), B cells 
immediately following infection with EBV (Burdin et al., 
1993), EBV-transformed B cell lines (Vieira et al., 1991; 
Benjamin et al., 1994; Stewart et al., 1994), Burkitt 
lymphoma (Vieira et al., 1991; Benjamin et al., 1992), 


acquired immune deficiency syndrome (AIDS) 
lymphoma (Emilie et al., 1993), and activated T cells and 
T cell clones (Yssel et æl., 1992) have been shown to 
produce IL-10. IL-I10 protein has also been detected in 
the sera of patients with active non-Hodgkin lymphoma 
(Blay et al., 1993), multiple myeloma (Merville ez al., 
1992), melanoma (Becker et al., 1994), or septicemia 
(Marchant et al., 1994b), in cerebrospinal fluid of 
patients with bacterial meningitis (Frei et al., 1993), and 
in ascites or biopsies of patients with ovarian and other 
intra-abdominal cancers (Gotlieb et al., 1992); and IL- 
10 has been shown to be produced by human carcinoma 
cell lines (Gastl et al., 1993) and melanoma cells (Chen et 
al., 1994) in vitro. Elevated levels of IL-10 production 
were detected in diseases such as malaria (Peyron et al., 
1994), rheumatoid arthritis (Katsikis et al., 1994), AIDS 
(Chehimi et al., 1994; Clerici et al., 1994), lepromatous 
leprosy (Yamamura et al., 1991), visceral leishmaniasis 
(Kala azar) (Ghalib et al., 1993; Karp et al., 1993b), and 
lymphatic filariasis (King et al., 1993). High levels of IL- 
10 were also produced by host-reactive T cell clones 
isolated from SCID patients that were successfully 
reconstituted with allogeneic fetal hematopoietic stem 
cells (Bacchetta et al., 1994). In the mouse, it has been 
demonstrated that keratinocytes produce IL-10 
following UV irradiation; in humans this is still 
controversial (Enk and Katz, 1992; Rivas and Ullrich, 
1992; Kang et al., 1994; Teunissen et al., 1994). 
Although IL-I0 was initially characterized as a murine 
T,2-derived cytokine, human T,,0, T,,1 and T,,2 T cell 
clones are all able to produce significant levels of IL-10 
following activation (Yssel et al., 1992; Del Prete et al., 
1993). In addition, T cells isolated from peripheral blood 
and belonging to CD4*, CD8*, CD45RO* (memory) or 
CD45RA* (naive) subsets, as well as CD4* cord blood T 
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cells were able to produce IL-10 following activation 
(Yssel et al., 1992). Production of 1L-10 by memory T 
cells was ~5-20 times higher than that by naive T cells. 
The highest levels of IL-10 production by T cells or T 
cell clones were induced following activation of the cells 
by anti-CD3 mAbs and phorbol myristate acetate (PMA) 
or antigen. Relatively low levels of IL-10 were produced 
following activation of the T cell clones by Ca” 
iénophore and PMA, a stimulus that can induce high 
levels of LFN-y, IL-2, and IL-4 secretion (Yssel et al., 
1992). IL-10 was produced relatively late after activation 
by both T cells and monocytes. mRNA levels were 
detectable 8 hours after activation and maximal levels 
could be observed at 24 hours (de Waal Malefijt et al., 
1991; Yssel, et al, 1992). Several cytokines have been 
shown to affect the production of IL-10 by monocytes. 
Tumor necrosis factor (TNF-a) is able to induce the 
expression of IL-10 and enhance LPS-induced 
expression of IL-10 (Wanidworanun and Strober, 1993, 
van der Poll et al., 1994), whereas IFN-y, IL-4, 1L-13, 
and IL-10 itself have been shown to inhibit IL-10 
production by LPS-activated monocytes (Chomarat et 
al., 1993; de Waal Malefijt, et al., 1991, 1993a). Thus 
IL-10 has autoregulatory activities (de Waal Malefijt ez 
fe 1991). 


5. Biological Activities 


IL-10 has multiple biological activities and affects 
many different cell types. These include monocytes/ 
macrophages, T cells, B cells, natural killer (NK) cells, 
neutrophils, endothelial cells and peripheral blood 
mononuclear cells (PBMC). 


5.1 JIN VITRO ACTIVITIES 


5.1.1 Monocytes/Macrophages 


Monocytes cultured 1” vitro, in the presence of IL-10 
have a decreased ability to adhere to plastic surfaces, and 
detach and round up. In addition, these cells have few 
granules and a poorly developed rough endoplasmic 
reticulum, indicating that these cells are not extremely 
active in protein synthesis (de Waal Malefyt et al., 1994). 
IL-10 inhibits the production of cytokines including IL- 
1a, IL-16, IL6, IL-8, IL-10 itself, IL-12 p35, IL-12 p40, 
IFN-o, granulocyte-macrophage colony-stimulating 
factor (GM-CSF), granulocyte colony-stimulating factor 
(G-CSF), macrophage colony stimulating factor (M- 
CSF), macrophage inflammatory protein (MIP-1q), and 
TNF-a by LPS-activated human monocytes (de Waal 
Malefijt et al., 1991; Chin and Kostura, 1993; D’Andrea 
et al., 1993; Ralph et al., 1992; Gruber et al., 1994). 
However, IL-10 does not inhibit the production of all 
monokines, since it enhances the expression of IL-l 


receptor antagonist (IL-1Ra) (de Waal Malefijt et æl., 
1991; Cassatella et al., 1994; Jenkins et al., 1994). 

The production of proinflammatory cytokines and 
chemokines by activated granulocytes and eosinophils 
was also inhibited by IL-10 at both transcriptional and 
post-transcriptional levels (Cassatella et al, 1993, 
Kasama et al., 1994, Takanaski et al., 1994; Wang et al., 
1994). However, cytokine production and vascular cell 
adhesion molecule (VCAM) expression by endothelial 
cells was not affected by IL-10 (Pugin et al., 1993; Sironi 
et al., 1993). IL-10 downregulates the spontaneous 
expression of MHC class II antigens, ICAM-1 (CD54), 
B7 (CD80), and B70 (CD86), as well as the expression 
of these antigens on monocytes following their induction 
by LFN-y or IL-4 (de Waal Malefijt ez al., 1991, 1994; 
Kubin et al., 1994; Willems et al., 1994). 

In contrast, 1L-10 upregulates the expression of FcyRI 
(CD64) on human monocytes to levels that are 
comparable to those induced by 1FN-y (te Velde et al., 
1992). The enhanced expression of CD64 by IL-10 
correlated with enhanced antibody-dependent cell- 
mediated cytotoxicity (ADCC) activity by monocytes (te 
Velde et al., 1992). On the other hand, it has also been 
reported that preactivation of monocytes and alveolar 
macrophages by LPS in the presence of IL-10 inhibited 
cytotoxicity against tumor cells (Nabioullin et al., 1994). 
IL-10 inhibited the migration inhibitory factor (MIF)-, 
IFN-y, or LPS-inducible production of nitric oxide (NO) 
in murine macrophages (Bogdan et al., 1991; Cunha et 
al., 1992; Gazzinelli et al., 1992b; Wu et al., 1993). This 
production of NO was dependent on endogenously 
produced TNF-a and the inhibitory effects of 1L-10 
were for the most part mediated by inhibition of this 
TNF-« (Flesch et al., 1994; Oswald et al., 1992b). In 
these assays, IL-10 synergized with IL-4 and 
transforming growth factor- (TGEF-f) for inhibition of 
NO production (Oswald et æl., 1992a). The inhibition of 
NO production, which plays an important role in 
monocyte cytotoxicity toward intracellular parasites, 
resulted in the enhanced survival of Toxoplasma gondii, 
Leishmania donovani, Trypanosoma cruzi, Listeria 
monocytogenes, Mycobacterium bovis and the fungus 
Candida albicans (Cenci et al., 1993; Flesch et al., 1994; 
Frei et al., 1993; Gazzinelli et al., 1992a,b; Wu et al., 
OS) 

IL-10 strongly inhibits antigen presentation by 
monocytes/macrophages, resulting in abrogated 
proliferative responses or cytokine production by the 
responding T cells or T cell clones (de Waal Malefyt et 
al., 1991; Fiorentino et al., 1991a). The downregulation 
of MHC class II antigens, costimulatory molecules such 
as CD54, CD80, and CD86, as well as the inhibition of 
monokine production, including that of IL-12, by IL-10 
contributes to the inhibition of the antigen 
presenting /accessory cell function (de Waal Malefyt, et 
al., 1991, 1994; Kubin, et al., 1994; Murphy et al., 
1994). IL-10 not only inhibits antigen-specific responses 
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toward protein antigens, but also antigen-specific 
responses toward allo-antigens (Bejarano et al., 1992; 
Caux et al., 1994; Peguet et al., 1994). 


5.1.2 T Cells 


Several direct effects of IL-IO0 on T cells have been 
described. IL-10 specifically inhibits the production of 
IL-2 and TNF-a by human T cells or T cell clones 
following antigen-presenting cell (APC)-independent 
activation. The production of IFN-y, IL-4, and IL-5 was 
not affected in this system (de Waal Malefyt et al., 1993). 
However, IL-5 production was inhibited by IL-10 
following activation of T cells via CD28 and PMA 
(Schandene et al., 1994). 1L-10 has chemotactic activity 
on human CD8* T cells but it inhibits the IL-8 mediated 
chemotactic response of CD4° T cells (Jinquan et al., 
1993). In the mouse, IL-10 enhances the proliferation of 
murine thymocytes and it augmented the cytotoxic 
activity of murine CD8* T cells (MacNeil et al., 1990; 
Chen and Zlotnik, 1991). 

IL-10 inhibited apoptosis of human T cells and T cell 
clones induced following growth factor deprivation or 
infectious mononucleosis (Taga et al., 1993, 1994). The 
enhanced survival of cells in the presence of IL-10 has 
also been described for human monocytes, mouse 
macrophages, splenic B cells, and mast cells (Go et al., 
1990; Fiorentino et al., 1991; Thompson-Snipes et al., 
1991; de Waal Malefyt et al., 1994). The enhanced 
survival of splenic B cells was associated with an 
enhanced expression of the bcl-2 protein (Levy and 
Brouet, 1994). On the other hand, IL-10 induced 
apoptosis of human chronic lymphocytic leukemia (B- 
CLL) and these cells showed decreased levels of bcl-2 
(Fluckiger et al., 1994). 


5.1.3 B Cells 


B cell activating activities of IL-10 have been described, 
which is in line with the findings that the EBV-derived 
BCRF1 gene (vIL-10) plays an important, but possibly 
not essential, role in viral infection and B cell 
transformation (Burdin et al., 1993; Miyazaki et al., 
1993; Swaminathan et al, 1993). IL-10 is a costimulator 
for the proliferation of human B cell precursors and B 
cells following stimulation by anti-IgM mAbs, SAC 
particles, or cross-linking of their CD40 antigen (Rousset 
et al., 1992; Saeland et æl., 1993). IL-10 synergizes with 
IL-2 for the proliferation of CD40-activated B cells, 
which might be due to an IL-10-induced enhancement 
of high-affinity IL-2 receptor expression on the B cells 
(Fluckiger et al, 1993). IL-IO also induces B cell 
differentiation. B cells activated by SAC or anti-CD40 
mAbs produce large amounts of IgM, IgGl, IgG2, 
IgG3, and IgA in the presence of IL-10 (Rousset et al., 
1992; Nonoyama et al., 1993b). ln addition, IL-10 may 
act as a switch factor for the production of IgA (in 
combination with TGF-B) or IgGl and IgG3 by anti- 
CD40-activated naive sIgD* B cells (Defrance et æl., 


1992; Briere et al., 1994b). On the other hand, IL-10 
has been reported to inhibit the production of IgE by IL- 
4-activated PBMC. However, this inhibitory effect of IL- 
IO is probably mediated through the effects of 1L-10 on 
monocyte activation, since production of IgE by purified 
B cells and IL-4 was not inhibited by IL-10 (Punnonen 
et al., 1993). In contrast, IL-10 inhibited IL-5-induced 
immunoglobulin production toward thymus- 
independent, but not to thymus-dependent antigens in 
mice (Pé@anha gral., 1992, T996). 


5.1.4 NK Cells 


IL-10 inhibited the enhanced production of IFN-y and 
TNF-a by IL-2*activated human NK cells when 
monocytes were present. This was an indirect effect of 
IL-10, mediated by inhibition of monokines (IL-12, IL- 
I). The cytotoxicity of human NK cells was not affected 
by IL-I0 (Hsu et al., 1992; D’Andrea et al., 1993). 


5.1.5 Precursor Cells 


IL-10 by itself has no effect on hematopotesis, but in 
combination with other cytokines it enhanced the 
growth of mast cells, megakaryocytes, megakaryocyte- 
mixed colonies and Thyl” ScaI* stem cells from mouse 
bone marrow (Thompson-Snipes et al., 1991; Rennick et 
al., 1994b) and that of B cell precursors from human 
fetal bone marrow (Saeland et al., 1993). IL-10 also 
induced the reversible expression of mast cell protease-1 
and -2 genes in mouse mast cell lines (Ghildyal et al., 
1992a,b, 1993). In a culture system of bone marrow 
stroma isolated from 5-fluorouracil-treated mice, IL-10 
inhibited the z» vitro formation of bone through the 
inhibition of endogenous TGF-B which acts to control 
the osteogenic differentiation. The inhibition of the 
outgrowth and differentiation of osteogenic precursors 
allowed hematopoiesis to occur as measured by the 
generation of granulocyte-macrophage colonies (CFU- 
GM) up to 8 weeks after onset of the cultures (Van 
Vlasselaer et al., 1993, 1994). 


5.2 IN VIVO ACTIVITIES 


5.2.1 Inflammation 


In vivo effects of IL-10 have been observed in animal 
models of inflammation, autoimmunity, tolerance, and 
parasite infections. IL-10 rescued mice from LPS- or 
SEB-induced toxic shock (Bean et al., 1993; Gerard et 
al., 1993; Howard et al, 1993). Survival of mice 
following LPS-induced shock correlated with reduced 
levels of circulating TNF-a (Marchant et al., 1994a). 
Endogenous IL-10 production had a protective effect in 
this model since mice treated with anti-IL-10 mAbs from 
birth were highly susceptible to LPS-induced shock and 
had elevated levels of TNF-a, 1L-6, and IFN-y in their 
circulation (Ishida et al., 1993). 

IL-10 inhibited the initiation and effector phases of 


cellular (TaI) immune responses zm pzvo. IL-I0 was 
identified as the product of keratinocytes which inhibited 
sensitization of a delayed-type hypersensitivity (DTH) 
response and it was shown to inhibit priming for contact 
hypersensitivity rcactions by inducing hapten-specific 
tolerance (Enk and Katz, 1992; Rivas and Ullrich, 1992; 
Enk et al., 1994). IL-10 acted in synergy with IL-4 to 
inhibit tuberculin type DTH reactions of BALB/c mice 
which had healed their Leishmania major infection 
(Fowre and Coffman, 1993,@Powrie ciak 1993a,b). 
Although IFN-y and TNF-a production by draining 
lymph node cells was inhibited in mice that received the 
combination of IL-10 and IL-4, administration of anti- 
IFN-y and anti- TNE-o@ antibodies could not reverse the 
protective effects of IL-10, indicating that the inhibition 
of this type of DTH may be through downregulation of 
other effector mechanisms. 

Transfer of CD45RB”™ T cells from BALB/c mice, 
which produce high levels of IFN-y and TNF-a (T41), 
into C.B-17 scid mice results in spontaneous 
development of inflammatory bowel disease (IBD) 
(Powrie et al., 1993a,b, 1994a,b). The induction of 
colitis in this model could be prevented by administration 
of CD45RB”” cells (which produce IL-4 and IL-10), 
treatment with anti-[FN-y or anti- TNF-o@ antibodies, or 
administration of IL-10 (Pownie et al., 1994). IBD did 
develop 4 weeks after the last IL-10 treatment, indicating 
that IL-10 did not appear to induce a long-lasting 
modulation of the immune response. Mice treated with 
IL-10 had lower levels of IFN-y and TNF-a mRNA in 
the colon. 

IL-10 inhibited IgG or IgA immune complex-induced 
lung injury in rats. This protcctive effect of IL-10 was 
evident by reductions in tissuc damage, lower amounts of 
effector cells in bronchial alveolar lavage (BAL) fluids 
and strong reductions of TNF-a in BAL fluids (Mulligan 
gamle, 1993). 

The inhibitory effects of IL-10 on inflammatory 
responses is clearly demonstrated in IL-10-dcficient 
mice. These mice develop a sevcre chronic inflammatory 
bowel desease which probably results from the absence of 
the normal suppressive effect of IL-10 on immune- 
inflammatory responses to enteric antigens (Kuhn et al., 
1993). The inflammatory reaction in the gut is 
characterized by altered MHC class II expression by 
intestinal epithelial cells and increased numbers of 
mononuclear cells, including activated T cells, IgA- and 
IgG-producing plasma cells, neutrophils, and cosiniphils 
within focal gut lesions. High levels of TNF-a could be 
demonstrated at the site of the lesions, and in cultures of 
intestinal tissue IL-l and IFN-y were spontaneously 
produced (Rennick et al., 1994a). Diseased mice were 
successfully treated by administration of IL-10, and the 
onset of disease could be delayed in young animals. 
However, treatment with either anti-TNF, anti-IL-6 or 
anti-IFN-y mAbs was not effective (Rennick et al., 
1994a). IL-10-deficient mice also showed abnormal 
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immune-inflammatory reactions upon antigenic 
challenge. Keyhole limpet hemocyanin (KLH) DTH 
reactions were exacerbated with a prolonged chronic 
phase which led to tissue damage and scar formation 
(Rennick et al., 1994a). This correlated with the 
enhanced generation of T,,1 cells as determined by 
strongly enhanced production of IFN-y by 7 vitro 
restimulated spleen cultures. Reactions to irritants and 
contact allergens were also increased in both magnitude 
and duration in these mice. Application of croton oil led 
to extensive hemorrhage and necrosis of the ears due to 
production of high levels of TNF-a and could be 
inhibited by coadministration of anti-TNF mAbs 
(Rennick et al, 1994a). T,,2 responses developed 
normally in these mice. However, in mice challenged 
with Nzppostrongylus brasiliensis a Tal response, as 
determined by high IFN-y production, occurred in 
additionmero a@dig2ercsponsem@Kuhnmees, 21, 1993). 
indicating the lack of normal cross-regulation between 
polarized TI and T42 responses (Mosmann and Moore, 
1991) and confirming the notion that IL-10 by itself 
does not support the generation of T,,2 responses (Hsieh 
Cis Noo 


5.2.2 Autoimmunity 


IL-IO has been tested in models of autoimmunity, 
including experimental autoimmune encephalomyelitis 
(EAE), diabetes, and systemic lupus erythematosus 
(SLE). In Lewis rats, systemic administration of IL-10 
during the initiation phase of the disease markedly 
suppressed the induction of EAE, which coincided with 
an enhanced autoantibody production and sustained T 
cell proliferation to myelin basic protein as well as 
diminution of central nervous systcm (CNS) infiltration 
(Rott et al., 1994). In a murine adoptive transfer model 
of EAE it was demonstrated that the high levels of IL-2, 
IL-4, IL-6, and IFN-y mRNA which were present during 
the acute phase disappeared concomitantly with the 
induction of high levels of IL-10 mRNA, which 
remained elevated during the recovery/chronic phase of 
the discase (Kennedy et al., 1992). These results extend 
in vitro observations that IL-IO inhibited the antigen- 
specific proliferation of encephalitogenic T,,I clones (van 
der Veen and Stohlman, 1993). IL-10, administered 
daily from 8-9 weeks after birth, also inhibited the 
spontaneous onset of diabetes in non-obese diabetic 
(NOD) mice (Pennline et al., 1994). However, mice did 
become diabetic I month after cessation of the 
treatment. Although some insulitis was detectable in the 
pancreas of these IL-10-treated mice, islet destruction 
and inhibition of insulin production were not observed 
(Pennline et al, 1994). Insulitis without tissue 
destruction was also observed in IL-10 transgenic mice 
which expressed IL-10 under control of the insulin 
promoter (Wogensen et al., 1993). However, when IL- 
10 transgenes were back-crossed with NOD mice, their 
offspring became diabetic at 8-10 weeks of age, 
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indicating that local production of IL-10 accelerated 
insulitis and tissue destruction and had different effects 
from the systemic administration of IL-I0 (Wogensen et 
al., 1994). The local production of IL-10 by the 
pancreas of IL-10 transgenes could also not prevent 
allograft rejection of fetal or adult pacreati transplanted 
in MHC-incompatible hosts or protect transgenic 
pancreatic islets expressing lymphocytic choriomeningitis 
virus (LCMV) viral antigens from destruction after 
sensitization by LCMV infection (Lee et al., 1994). The 
onset of spontaneous systemic lupus erythematosus, 
which develops in NZB/W FI mice, was delayed upon 
treatment of these mice with neutralizing anti-IL-10 
mAbs and accelerated by administration of IL-10. IL-10 
suppressed the production of TNF-a, which has a 
protective effect in this case, since coadministration of 
anti- TNF-a and anti-IL-10 mAbs did not affect the 
kinetics of induction of disease (Ishida et al., 1994). 


5.2.3 Transplantation 


Murine models of organ rejection and graft-versus-host 
disease (GVHD) have shown that several conditioning 
regimens, including administration of anti-CD4, anti- 
CD8 or anu-CD40 mAbs, donor-derived spleen, or T,,2 
cells, could establish tolerance and inhibit LPS-induced 
mortality during GVHD which coincided with increased 
levels IL-10 mRNA expression or IL-10 secretion 
(Takeuchi et al., 1992; Abramowicz et al., 1993; 
Hancock et al., 1993; Fowler et al., 1994; Gorczynski 
and Wojcik, 1994). However, high levels of IL-10 
mRNA have also been observed in spleens of mice 
undergoing acute or chronic GVHD and, as mentioned 
earlier, IL-10 transgenic fetal or adult  pacreati 
transplanted in MHC-incompatible hosts were rejected 
(Allen et al., 1993: De Wit et al, 1993; Garlisi et al., 
1993; Lee et al., 1994). Administration of IL-IO in 
murine models of GVHD has not been studied 
extensively enough to allow conclusions on its efficacy 
(Roncarolo, 1994). 


5.2.4 Parasitic Infections 


IL-10 plays an important role in certain parasitic 
infections. The żin vitro effects of IL-I0, which include 
inhibition of production of NO, an important mediator 
in macrophage cytotoxicity against parasites, and 
inhibition of production of IFN-y, which is a potent 
macrophage activator, are important im vivo in 
determining disease susceptibility (Silva et al., 1992). 
Mice susceptible to T. cruzi infections produced 
detectable levels of IL-10 upon infection, whereas 
resistant mice failed to do so (Reed and Sher, 1994). 
These responses could be modulated by anti-IL-10 or 
anti-IFN-y mAbs. Neutralization of endogenous IFN-y 
resulted in the appearance of IL-10 and the development 
of fatal infections in resistant mice, whereas 
neutralization of IL-10 production in susceptible mice 
prevented disease and death. The most likely producer of 


IL-10 in this model was the macrophage, but what 
determines the balance between IL-IO0 and IFN-y 
production in resistant versus susceptible mice is not 
clear. Schistosoma mansoni infection of mice induces the 
production of T,,2 cytokines and downregulation of T,,] 
cytokines, and results at later stages in anergic responses 
towards parasite as well as other antigens (Pearce et al., 
1991). High levels of IL-10 expression correlated with 
the observed inhibition of antigen-specific responses, and 
anti-IL-I0 mAbs could restore protective Tyl responses 
(Sher et al., 1991; Villanueva et æl., 1994). This IL-10 
was produced by T cells, macrophages, and (following 
induction by a schistosomal egg antigen) B cells (Vella ez 
al., 1992; Murphy et al.; 1993; Velupillai1 and Harn, 
1994). Thus, IL-10, IFN-y, arid IL-12 play an important 
role in the balanced regulation of parasitic (protozoan, 
helminth, but also fungal) infections by their effects on 
the development and effector stages of protective T,,1] 
responses (Vella and Pearce, 1992, 1994; Flores et al., 
1993; Romani et al., 1994; Wagner et al., 1994). 


6. The Receptor 


Receptors for IL-10 have recently been identified and 
characterized (Ho et al., 1993; Tan et al., 1993; Liu et 
al., 1994). '*°l-labeled hIL-10 specifically bound to a 
variety of mouse and human hematopoietic cell lines 
with an observed affinity of 200-250 pm. Only several 
hundred receptors per cell were detected and cross- 
linking studies indicated a molecular mass of 90-120 
kDa for hIL-10R (Tan et al., 1993). A cDNA clone 
encoding a human IL-10-binding protein was isolated 
from a library of a Burkitt lymphoma cell line (Liu et al., 
1994). This cDNA encodes a protein of 578 amino 
acids, including a putative signal sequence of 21 amino 
acids, with a predicted molecular mass of 61 kDa. The 
difference between the predicted and observed 
molecular mass of the hIL-IOR can be explained by the 
presence and use of six potential glycosylation sites. The 
extracellular portion of the IL-10R can be considered as 
two segments of ~1I0 amino acids that are similar to 
the size of the immunoglobulin-like ligand-binding 
domains of the growth hormone receptor. Expression of 
the extracellular domain of the receptor indicated that 
this soluble receptor is a glycosylated monomeric 
protein with a molecular mass of 35-45 kDa which is 
able to antagonize the effects of human IL-10. In 
solution a single complex was formed between two IL- 
10 dimers and four soluble receptor monomers (Tan et 
al. 1995). The overall structure of the hIL-10R places it 
in the family of class II cytokine receptors, which also 
contains the interferon-y receptor (IFNR) (Bazan, 
1990). Recently, CRFB4, another previously known 
member of the class II cytokine receptor family, was 
identified as a second chain of the IL-10 receptor 
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Figure 10.5 Structure of human IL-10 receptor. 
Indicated extracellular amino acids are characteristic for 
class Il cytokine receptor sequences and two tyrosine 
residues are located in the intracellular domain. 


complex. This chain serves as an accessory chain 
essential to the active IL-IO receptor complex and is 
involved in the initiation of IL-I0O induced signal 
transduction (Kotenko et al., 1997). Interestingly, 
IL-10 and IFN-y antagonize each other’s functions in 
several biological systems but both have been shown to 
induce expression of CD64 (FcyRI) on human 
monocytes (te Velde et al, 1992). The molecular 
mechanism for induction of CD64 by IFN-y and IL-I0 
involves tyrosine phosphorylation and formation of 
protein-DNA complexes between p9I and the IFN-y 
response region in the promoter of CD64, indicating 
that IL-I0 and IFN-y signaling pathways may share 
either common receptor subunits or intracellular 
activation pathways (Larner et al., 1993). The hIL-IOR 
was found to be expressed by cells of hematopoietic 
origin, including monocytes, B cells, NK cells, and T 
cells. Activation of human T cell clones resulted in 
downregulation of hIL-IOR mRNA expression (Liu et 
al., 1994). It is not yet clear whether this also results in 
downregulation of hIL-IOR protein expression at the 
cell membrane and whether this has any functional 
consequences. The gene encoding the hIL-I0R is 
located on chromosome lI and the sequence of the 
cDNA is deposited in the GenBank database under 
accession number U00672. 


7. Signal Transduction 


Stimulation with IL-10 will lead to tyrosine 
phosphorylation of the kinases JAKI and TYK2, but not 
of JAK2 or JAK3 in mouse Ba/F3 cells transfected with 
IL-I0 receptor, human T cells, and monocytes 
(Finbloom and Winestock 1995; Ho et al., 1995). In 
addition, IL-I0 induced the tyrosine phosphorylation 
and assembly of STATIa and STAT3 complexes in 
human T cells, monocytes, and mouse macrophages 
(Lehmann et al., 1994; Finbloom and Winestock 1995). 
Tyrosine phosphorylation and DNA binding of STATI 
to the IFN-y response region was also involved in the 
induction of CD64 by human monocytes and basophils 
(Earner eral 1993) 

Activation of monocytes by IL-10 has also been shown 
to inhibit activation of NF«B, phosphatidylinositol 3- 
kinase (PI3-k), and p70 S6 kinase (Wang et al., 1995; 
Crawley et al., 1996). Inhibition of PI3-k and p70 S6 
kinase seem to be involved in the inhibition of 
proliferation by IL-IO of D36 cells (Crawley et æl., 
1996). 


8. Murine IL-10 


The gene for murine IL-IQ has been cloned and was 
assigned to chromosome I (Kim et al., 1992). The mIL- 
IO gene is composed of five exons arrayed over 5.5 kb of 
genomic DNA. The sizes of the four introns are 
respectively 885, 365, 1008, and 1622 base pairs. The 
promoter contains several possible transcriptional control 
sequences including a NFAT/API binding site (274), a 
NF«B-like recognition site (1074), an IL-6 responsive 
element (758), and a cAMP responsive element (1208) 
(Kim et al. 1992). Transcription of the mIL-I0 gene 
generates primarily a single mRNA of I.4 kb. The gene 
codes for a 178-amino-acid protein that is modified to a 
157-amino-acid mature protein (Moore et al., 1990). 
mIL-I0 has an N-glycosylation site near the N-terminus, 
which is resposible for the heterogeneity in molecular 
mass of I7, I9, and 2I kDa polypeptides. mIL-I0 has 
five cysteine residues, which form two intramolecular 
disulfide bridges (C’>-C'” /C”’-C""’) and one unpaired 
residue (C) The predicted molecular mass is 
I8 453 Da and its isoelectric point is 7.8. Mouse IL-10 
is produced by macrophages, T helper 2 cells, Lyl 
(CD5) B cells, and keratinocytes (Fiorentino et al., 
I199Ta,b; Enk and Katz, 1992; O’Garra et al., 1992). 
mIL-I0 binds with high affinity to specific cell surface 
receptors on hematopoietic cells (Ky = 70 pM). The mIL- 
IOR cDNA encodes an open reading frame of 576 amino 
acids, which is detected on the cell surface as a 90- 
BOLDI protein (Ho et al., 1993). The IL-IOR gene is 
expressed as a 3.6 kb mRNA species. The IL-I0R protein 
consists of a signal sequence of 16 amino acids, an 
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extracellular domain of 222 amino acids, and a 
cytoplasmic domain of 314 amino acids. The intracellular 
domain contains four tyrosine residues. Mutational 
analysis of murine 1L-10 receptor in Ba/F3 cells 
indicated that different regions of the cytoplasmic 
domain mediated proliferative and differentiation 
responses (Ho et al., 1995). 


9. Cytokine in Disease and Therapy 


IL-10 has potent anti-inflammatory activities 27 vztro and 
in animal models of acute and chronic inflammation as 
discussed. The role of IL-10 in inflammatory processes is 
being investigated in human diseases and evidence for an 
immunoregulatory role of 1L-10 has been described in 
rheumatoid arthritis. Spontaneous 1L-10 production was 
detected in synovial membrane biopsies and cultures. 
This endogenously produced 1L-10 was active in 
suppressing TNF-œ and 1L-1B production; however, 
addition of exogenous 1L-10 resulted in a further 
inhibition of these pro-inflammatory cytokines and an 
induction of 1FN-Y, indicating that 1L-10 treatment may 
be a possible therapeutic in this disease (Katsikis et al., 
1994). 

The observation that 1L-10 could inhibit allogeneic 
primary mixed leukocyte reactions provided a rationale 
for the study of IL-10 in the induction and maintenance 
of transplantation tolerance (Bejarano et al, 1992). 
Host-reactive T cell clones, isolated from SCID patients, 
that were successfully reconstituted with allogeneic fetal 
hematopoietic stem cells, produced high levels of, IL-10 
following activation that suppressed the proliferation of 
these clones (Bacchetta et al., 1994). In addition, freshly 
isolated PBMC of these patients secreted high levels of 
IL-10 z7 vivo, produced by host-derived monocytes and 
donor-derived T cells. 1L-10 was active im vivo since 
HLA-DR expression could be upregulated on donor- 
derived monocytes after brief incubation (Bacchetta et 
al., 1994). 1L-10 mRNA expression has been detected in 
biopsies of patients who underwent heart or kidney 
transplantation (Merville et al., 1993; Cunningham et 
al., 1994). However, the significance of these findings in 
relation to acceptance or rejection of the graft still needs 
further investigation. 

IL-10 has been shown to induce the production of 
IgA from anti-CD40-activated PBMC isolated from 
patients suffering from 1gA deficiency. These patients 
were able to produce 1L-10, although at reduced levels 
(Briere et al, 1994a). I1L-10 also induced 
immunoglobulin production in anti-CD40- or SAC- 
activated B cells from patients suffering from common 
variable immunodeficiency (CVI) (Nonoyama et al., 
1993a; Zielen et al., 1993). However, a role for IL-10 in 
the etiology of this disease is not clear. 

IL-10 also plays a role in viral immunity. EBV carries 


its own version of IL-10 and induces hIL-I0 production 
in the B cells it infects (Burdin et a/., 1993). This 1L-10 
may facilitate transformation and viral latency owing to 
its B cell stimulatory activities, although BCRF1 -deleted 
viruses are still able to transform B cells (Miyazaki et al., 
1993; Swaminathan et al., 1993; Stewart et al., 1994). 
It may also affect cytotoxic T cell responses directed 
against the virus (Stewart and Rooney, 1992). IL-10 
inhibited the replication of HIV in human monocyte- 
derived macrophages (Montaner et al., 1994; Saville et 
al., 1994; Schuitemaker et al., 1994; Weissman et al., 
1994). Depending on the differentiation state of the 
monocytes, 1L-10, inhibited the processing of viral 
proteins when administered before infection and it 
inhibited virus assembly when administered after 
infection. These effects may be related to the inhibitory 
effects of 1L-10 on the production of TNF-a and 1L-6 by 
infected monocytes which enhance HIV replication at a 
post-transcriptional level (Schuitemaker et al., 1994; 
Weissman et al., 1994). lt has been reported that the viral 
protein gp120 is able to induce 1L-10 expression by 
PBMC (Ameglio et al., 1994). On the other hand, 
elevated levels of 1L-I10 production have been observed 
during end-stage disease and occurred concomitantly 
with diminished cellular responses against viral and 
mycobacterial antigens and lymphocytic  chorio- 
meningitis virus (LCMV) suggesting that a switch from 
Tal to T2 responses may be a critical factonsinmerc 
etiology of HIV infection (Clerici and Shearer, 1993; 
Chehimi et al., 1994; Clerici et al., 1994; Sieling and 
Modlin, 1994). 

1L-10 plays a role in human infectious diseases such as 
mycobacterial infections (M. lepra, M. tuberculosis) and 
leishmaniasis. These diseases have in common that the 
clinical manifestations represent a spectrum of symptoms 
in which pathology is related to the level of cell-mediated 
immunity. The bacilli are cleared by a strong cellular 
response (tuberculoid form), whereas they survive when 
the patient develops a humoral response (lepromatous 
form). This phenomenon can be explained by the 
amount and type of cytokines that are produced. 1L-10 
mRNA was present in the lepromatous lesions and 
decreased in patients with reversal reactions (Yamamura 
et al., 1991, 1992). IL-I0 was also detected in the 
pleural fluid of patients suffering from tuberculosis 
pleuritis (Barnes et al., 1993). The major cell producing 
IL-10 was the monocyte, which could be activated 
directly by mycobacterial cell wall products (Barnes et al., 
1992; Mutis et al, 1993; Sieling et al, 1993). 
Neutralization of endogenously produced IL-10 
enhanced mycobacterium-specific proliferation of patient 
PBMC 7m vitro and increased IFN-y, GM-CSF, IL-12, 
and TNF-æ production (Sieling et al., 1993; Sieling and 
Modlin, 1994). In addition, IL-I0 inhibited the 
induction of CD1 by monocytes and the CD I-restricted 
proliferation of CD4°-CD8° mycobacterial specific T cell 
clones (Sieling and Modlin, 1994). A second infectious 
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disease in man that is characterized by a dominant T,,2 
response and a role of IL-10 involvement is leishmaniasis. 
It has been demonstrated that PBMC, lymph nodes, and 
spleen of patients suffering from visceral leishmaniasis 
and diffuse cutaneous leishmaniasis have elevated levels 
of IL-10 production, and activation of patients PBMC in 
the presence of anti-[L-I0 mAbs resulted in antigen- 
specific proliferation and IFN-y production (Dittmar et 
œl., 1993; Ghalib et al., 1993; Karp et al., 1993a; 
Carvalho et al., 1994). As mentioned before, a third 
example of elevated IL-10 levels and a role for IL-I0 in 
suppressing cellular immune responses to a parasitic 
infection leading to pathology and a disturbed T,,1/T},2 
balance is lymphatic filariasis (King et al., 1993). Clearly, 
antagonists of IL-10 production or function could be of 
benefit to the treatment of these diseases. 

A phase I clinical randomized, double-blind, placebo- 
controlled, parallel group study has been performed 
(Chernoff et al., 1994). Healthy volunteers were 
administered 1, 10, or 25 ug/kg body weight IL-10 
intravenously and were monitored for 96 hours. IL-10 
was well tolerated and no adverse symptoms were 
reported or clinically relevant differences detected in 
blood chemistry, urinalysis, hemoglobin concentration, 
platelet count, coagulation parameters, complement 
components, immunoglobulin concentrations, neutro- 
phil superoxide production, or electrocardiograms. 
Antibodies to IL-10 were not detected 21 days after 
administration. IL-10 was detectable in serum with peak 
concentrations of 14, 208, and 505 ng/ml, respectively, 
and the half-life of IL-10 was determined as ~3 h. IL-10 
was active as determined by its effects on whole-blood 
cytokine production. IL-10 inhibited the production of 
IL-6, IL-18, and TNE-o following ex vzvo stimulation of 
whole blood with LPS. The conclusion of this study was 
that a single injection of rhIL-I0 in healthy humans is 
safe (Chernoff et al., 1994). Clinical trials which will 
address the immunosuppressive or anti-inflammatory 
activities of IL-10 are under way. 

Much has been learned of the biology of IL-10 in just 
four years since its discovery. The most dramatic changes 
induced by IL-10 are its potent deactivating effects on 
monocytes/macrophages, including downregulation of 
MHC class II molecules, accessory molecules, and 
cytokine and chemokine production, which lead to 
inhibition of antigen presentation/accessory functions 
and result in abrogation of antigen-specific T cell 
responses and production of T cell cytokines. In 
addition, IL-10 has direct inhibitory effects on 
proliferation and production of IL-2 and TNF-a by T 
cells. Together with the observations that IL-10 is 
produced by T,,0, TI, and T,,2 subsets, and that its 
production by monocytes and T cells is relatively late 
after activation, these results indicate that IL-10 plays an 
important role as natural dampener of immune and 
inflammatory reactions. These characteristics of IL-10, in 
combination with the absence of toxicity observed in the 


phase I clinical trial, indicate that IL-10 could be a 
potentially useful therapeutic in acute and chronic 
inflammatory reactions, including inflammatory bowel 
disease, rheumatoid arthritis, and sepsis, in autoimmune 
diseases, in prevention of graft-versus-host disease, and in 
the induction as well as maintenance of transplantation 
tolerance. The results of studies with animal models have 
already indicated that IL-10 may be effective in these 
applications. On the other hand, antagonists of IL-10 
production or function may be useful in the reversal of 
strongly polarized T,,2 responses which lead to 
pathology as observed in infectious diseases and parasitic 
and viral infections. Finally, IL-10 may have direct 
beneficial effects in B cell disorders such as CVI and B- 
CLL. Studies on the production of IL-10 and its possible 
role in a number of disease states will continue to be 
investigated in the coming years as well as the more basic 
biology on the position of IL-10 in the cytokine network. 
In addition, elucidation of receptor structure and 
intracellular signal transduction pathways will provide 
important clues to the often synergistic or antagonistic 
effects of cytokines at the molecular level. 
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l. Introduction 


Interleukin-11 (IL-11) was first identified as a soluble 
protein factor produced by a primate bone marrow 
stromal cell line in response to IL-1 (Paul et al., 1990). 
The factor stimulated the growth of an IL-6-dependent 
mouse plasmacytoma cell line (T-1165). The gene 
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encoding this new activity was identified by expression 
cloning, and its human homolog was isolated from an 
IL-1 and phorbol-ester-stimulated lung fibroblast line 
(Paul et al., 1990). The protein encoded by this human 
cDNA was given the name recombinant human 
interleukin-11 (rhIL-11). Although named interleukin 
IL-11, it does not seem to be made by leukocytes. Rather 
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IL-11 is produced by a number of cell types in response 
to agents like IL-1, phorbol-esters, or transforming 
growth factor-B (TGEF-B). Its effects are seen on a diverse 
set of cell types. This causes rhIL-11 to have pleiotropic 
effects both i” vitro and in vivo. These effects have been 
the subject of intense investigation for the past six years. 
Much of this work will be summarized in this review. 
Other reviews or portions of this information have also 
been published recently (Kawashima and Takiguchi, 
1992; Paul and Schendel, 1992; Quesniaux et al., 1993; 
Du and Williams, 1994, 1995; Goldman, 1995; Turner 
aad Clark 1995). 


2. The IL-11 Gene 


The human IL-l] cDNA contains an open reading 
frame of 597 nucleotides; as shown in Figure 11.1. The 
human genomic sequence of IL-11 has also been 
isolated and partially characterized. The gene spans 
approximately 7 kbp in length and is composed of five 
exons and four introns. An illustration of the IL-11 
genomic structure is shown in Figure 11.2. By in-situ 
hybridization, the genomic sequence maps to the long 
arm of chromosome 19 at 19q13.3-13.4 (McKinley et 
al., 1992). Alternative utilization of two polyadenylation 
sites in the 3’ noncoding region of the human IL-11 
gene generates two distinct mRNA species of 1.5 and 
2.5 kb that encode the same functional protein. Both 


691 


731 ACTGCCGEC! 
HC AGC 


2231 


transcripts contain several copies of ATTTA in the 3’ 
noncoding region which have been implicated in 
regulating the stability of growth factor mRNAs (Shaw 
and Kamen, 1986). Although the 5’ flanking region of 
the human IL-1] gene shares no sequence similarity 
with other cytokine genes, it contains a number of 
potentially important transcriptional control sequences. 
These include sites for AP], CTF/NF1, EF/C, SP1, and 
several copies of interferon-inducible elements. In 
addition, a sequence (ACATGGCAAAACCC) with 
significant similarity to an IL-1-responsive element 
found in the 5’ noncoding region of the IL-6 gene is 
located in the 3’ flanking region of the human 1L-11 
gene (McKinley et al., 1992). — 

Recently the murine 1L-11] gene has been isolated and 
is located on chromosome 7. The murine and human 1L- 
1] homologs are 86% and 88% identical at the DNA and 
protein levels, respectively (Morris et al., 1996). 


3. The IL-1] Protein 


The 1L-11 gene encodes a 199-amino-acid polypeptide. 
The first portion of the protein comprises a secretory 
signal sequence. This peptide is removed during 
transport from the cell to yield the active form of the 
factor. The precise site at which the protein is cleaved to 
release mature IL-1] 2” vivo is not known, but the 
recombinant factor expressed in either COS-1 cells or 
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Exon 1 
892 


GTGTTTGCCGCCTGGTCCTGGTCGTGCTGAGCCTGTGGCCAGATACAG 
CTGTCGCCCCTGGGCCACCACCTGGCCCCCCTCGAGTTTCCCCAGACCC 


Exon 2 


TCGGGCCGAGCTGGACAGCACCGTGCTCCTGACCCGCTCTCTCCTGGCG 


GACACGCGGCAGCTGGCTGCACAGCTG 


2603 


AGGGACAAATTCCCAGCT GACGGGGACCACAACCTGGATTCCCTGCCC 
ACCCTGGCCATGAGTGCAGGGGCACTGGGAGCTCTACAG 


2403 


Exon 3 
2689 


2801 


4994 


CTCCCAGGTGTGCTGACAAGGCTGCGAGCGGACCTACTGTCCTACCTGC 
GGCACGTGCAGTGGCTGCGCCGGGCAGGTGGCTCTTCCCTGAAGACCCT 
GGAGCCCGAGCTGGGCACCCTGCAGGCCCGACTGGACCGGCTGCTGCGC 
CGGCTGCAGCTCCTG 


ATG TCCCGCCTGGCCCTGCCCCAGCCACCCCCGGACCCGCCGGCGCCCC 
CGCTGGCGCCCCCCTCCTCAGCCTGGGGGGGCATCAGGGCCGCCCACGC 
CATCCTGGGGGGGCTGCACCTGACACTTGACTGGGCCGTGAGGGGACT 


GCTECTECTGAAGACTCGGCTGTGACGCGGGECCCAAAGCCACCACCGTCCT 


2962 


Exon 


Exon 
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Figure 11.1 
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Nucleotide sequence of the human IL-11 gene (exons only). The 5’ and 3’ untranslated regions are 


underlined containing the “TATA” and several “ATTTA” motifs shown in bold. For simplicity, exon 5 is truncated at 
nucleotide position 5391. (Data from McKinley et al., 1992) 


1 2 3 
Exon Size (bp) 162 173 87 1 
57aa 29aa 5 


oes 
TATA \ | A 


[NTERLEUKIN-1]] 171 


4 5 
62 1792 
4aa 56aa 





/ 30 z: 
Fepeat 
¢ 1 2 3 4 PolyA PolyA 
4 Intron Size (bp) 1338 199 111 2031 
0 2 4 6 Kb 


Figure 11.2 Schematic illustration of the human IL-11 gene 
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showing the exon/intron organization and a partial 


restriction cleavage map. The coding and noncoding regions are indicated by solid and hatched boxes, respectively. 


CHO cells is formed by proteolytic cleavage after amino 
acid 21. This yields a protein of 178 amino acids 
containing proline at its N-terminus (see Figure 11.3). 
Signal sequence processing next to a proline molety is 
highly unusual and may account for the low level of 
expression seen in both COS and CHO cells. 

The mature form of lL-ll has several unusual 
characteristics. Among these are the following: 


@ The protein is highly basic with a +7 charge at neutral 
pH. Within the basic amino acids is a preponderance 
of arginine residues the result of which is a protein © 
with a pI>11. 

ə The amino acid composition of IL-11 contains 23 
mol% leucine giving the protein considerable hydro- 
phobic character. It also contains 12 mol% proline. 


Most of these proline residues are concentrated at the 
N-terminus of the mature form of the protein and in 
a region located about two-thirds of the way through 
the protein. The internal proline-rich region probably 
forms an important structural loop between helical 
segments implicated in the binding of the factor to its 
receptor, while the N-terminal region can be deleted 
without major effect on activity. The amino acid 
composition is also unusual in that it contains no 
cysteine and thus the protein has no disulfide bonds to 
stabilize its structure. 

The protein sequence contains no N-linked 
glycosylation sites and the analysis of rhIL-l1 
expressed in COS-1 cells has not revealed any O- 
linked carbohydrate. Thus 1L-11 may be naturally 
nonglycosylated. 
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Figure 11.3 Schematic illustration of the primary sequence of the mature human IL-11 protein. The molecule 


contains no disulfide bonds or N-li 


nked glycosylation sites. 
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The rhIL-1I protein elutes as a monomer upon native 
size exclusion chromatography with a mobility consistent 
with a globular protein of about 19 kDa. By contrast, its 
mobility during denaturing SDS-polyacrylamide gel 
electrophoresis is less than predicted. Rather than having 
the expected mobility of a 19 kDa protein, rhIL-11 has 
the mobility of a protein of 23 kDa. This reduced 
mobility is probably a reflection of its positive charge at 
neutral pH. 

At present, the three-dimensional structure of rhIL-11 
is uncertain. A four-helix bundle structure similar to that 
determined for several other cytokines (Boulay and Paul, 
1993: Kaushansky and Karplus, 1993) has been proposed 
(Czupryn et al., 1995a) (see Figure 11.4). The results of 
various indirect tests of this model, such as alanine 
scanning of the proposed helix A and D regions and 
chemical modification of methionine and lysine residues, 
have been consistent with the model (Czupryn et al., 
1995a,b). The model predicts two binding sites for 
interaction with the IL-11 receptor. Site I, which is 
comprised of the C-terminal helix (helix D) and the 
region around Met-59 may interact with the IL-11- 
specific subunit of the receptor (Hilton et al., 1994), 
while site II, which includes residues from helix A, may 
interact with the protein gp130 known to be involved in 
IL-11 signaling (Yin et al., 1993). 

The integrity of the rI[L-11 molecule in solution can 
be compromised by several forms of chemical instabilities 
(N. Warne, personal communication). Dilute solutions of 
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Figure 11.4 Schematic illustration of the proposed 
tertiary structure of human IL-11 (Czupryn et al., 1995a). 
The solid boxes represent proposed helical regions 
comprising the four-helix bundle structure. The dashed 
boxes represent the proposed surfaces that interact with 
the IL-11 receptor. Site | is proposed to interact with the 
IL-11-specific receptor subunit. Site Il is proposed to 
interact with gp130. 


rhIL-11 are often found to contain less activity than 
expected because the protein has bound tenaciously to 
the walls of the tube in which it is stored. This is 
especially true at basic pH and when glass tubes are used. 
The presence of two Asp-Pro peptide sequences within 
the 1L-11 protein renders the molecule sensitive to 
hydrolysis at these sites. This is the major form of 
instability under acidic conditions. Oxidation of Met-59 
can also occur under oxidizing conditions. ‘This 
alteration leads to a significant loss in activity. Finally, 
deamidation of Asn-50 has also been detected, but this 
change does not lead to a major change in the activity. 

Despite the absence of disulfide bonds, the rhIL-11 
structure is surprisingly heat stable. At neutral pH and in 
moderate salt solutions such as phosphate-buffered saline 
(PBS), the protein remains soluble up to a temperature 
of 80°C. On the other hand, exposure to hydrophobic 
surfaces, gas-liquid interfaces, or mechanical shear can 
cause structural changes that manifest themselves in 
protein aggregation and precipitation (N. Warne, 
personal communication). 


4. Cellular Sources of IL-11 


Expression of IL-11 has been noted from several cell 
types, including different bone marrow stromal fibro- 
blasts (Paul et al., 1990), lung fibroblasts (Paul et al., 
1990; Kawashima et al, 1991; Elias et al., 1994), 
glioblastoma cells (Murphy et al., 1995), melanoma cell 
lines (Paglia et al., 1995), a human trophoblast line 
TPA-30-1 (Paul et al, 1990), human osteosarcoma 
(Horowitz et al., 1993) and primary osteoblasts (Romas 
et al., 1996), and megakaryoblastic cell lines such as CMK 
and Meg-J (Kobayashi et al., 1993), as well as a human 
thyroid carcinoma cell line (Tohyama et al., 1992). The 
IL-1 I transcript is not detectable in various T cell lines, or 
in lectin-stimulated peripheral blood cells (Paul et al., 
1990). With the various fibroblast cell lines, treatment 
with IL-1 or phorbol esters substantially upregulates 
IL-1 1 expression. A recent analysis of expression of IL-1 I 
by lung epithelial cells reveals that TGF-B synergizes with 
IL-l in augmenting 1L-11 protein and mRNA produc- 
tion. Interestingly, in these cultures, respiratory syncytial 
and parainfluenza viruses and rhinovirus are potent 
stimulators of 1L-11 expression in a time- and dose- 
dependent manner (Elias et al., 1994, Einarrson et al., 
1996) Similarly, in human articular chondrocytes and 
synoviocytes, addition of TGF-B, IL-1, as well as phorbol 
ester induces 1L-11] expression (Maier et al., 1993). IL-11 
is also expressed by normal human trabecular bone cells 
enriched in osteoblasts after induction with TGF-B, or 
IL-1, but not lipopolysaccharide (LPS) or parathyroid 
hormone (Horowitz et al, 1993). The cytokine- 
regulated expression of 1L-11 in mesenchymal cells from 
various tissues raises the possibility that IL-11 may play 


important roles in controlling the growth, development, 
and function of cells outside of the hematopoietic system. 
This prediction is further supported by the growing 
number of tn vivo studies showing effects of rhIL-11 with 
different types of target cells. 


5. In Vitro Effects of IL-11 


5.1 HEMATOPOIETIC EFFECTS OF 
IL-11 


As the hematopoietic activity of IL-I 1 was one of the first 
activities noted for rhIL-11, it seems logical to begin a 
discussion of its 77 vitro activities with this topic. 


5.1.1 Hematopoietic Stem and 
Multipotential Progenitor Cells 


1L-11 is a pleiotropic cytokine which acts on multiple 
hematopoietic cell types in a synergistic manner with 
other cytokines. The effects of rhIL-11 on primitive 
hematopoietic progenitor cells were first recognized by 
Ogawa and colleagues in a blast colony assay system 
using bone marrow or spleen cells from mice pretreated 
with 5-fluorouracil (Musashi et al., 199Ib; Tsuji et al., 
1992). ln this assay rhIL-11 has no activity alone, but 
synergizes with IL-3, IL-4, or steel factor (SF) to increase 
the number and kinetics of appearance of murine blast 
and CFU-GEMM colonies. This activity has also been 
noted for 1L-6, G-CSF, and 1L-12 and is attributed to 
the ability of these cytokines to trigger quiescent stem 
cells into cycle (Ikebuchi et al., 1987, 1988; Hirayama et 
al., 1994). rhlL-11 also synergizes with IL-3 or SF to 
promote the growth of very primitive lymphohemato- 
poietic progenitors in either methylcellulose or liquid 
culture (Hirayama et al, 1992; Neben et al, 1994, 
1996). 1n the liquid culture system, the combination of 
rhIL-11 and SF supports the survival of long-term 
repopulating stem cells for a period of 6 days and 
increases the number of committed myeloid progenitors 
over 10000-fold (Neben et al., 1994, 1996). Similar 
results have been observed in murine long-term bone 
marrow cultures (LTBMC) supplemented with rhIL-11 
(Du et al., 1995; Neben et al., 1994). In the human 
system, rhlL-11 acts synergistically with either IL-3 or SF 
to support blast cell colony formation from isolated 
CD34" cells (Leary et al., 1992). rhlL-11 alone has no 
effect on colony formation from human CD34* HLA- 
DR cells and stimulates a small number of CFU-GM 
derived from purified CD34" cells. However, two factor 
combinations of rhIL-11 with SF, 1L-3, or GM-CSF in 
the presence of erythropoietin (EPO) results in a 
synergistic or additive increase in the number of CFU.C 
from both purified cell populations (Lemoli et al., 1993). 
The effects of rhIL-11 have also been studied in stromal 
cell containing long-term human cell cultures (Keller et 
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al., 1993; Du et al., 1995). In these cultures, rhlL-11 
stimulates myeloid growth from enriched cultures of 
CD34*, HLA-DR’ bone marrow cells but has no effects 
on the more primitive CD34", HLA-DR populations. 
Interestingly, a major effect of rhlL-I1 in these cultures 
is to inhibit adipogenesis and to increase the adherent cell 


populations consisting of stromal cells and macrophages 
(Eelleret al., 1993). 


5.1.2 Megakaryocytopoiesis 


Like the effects of rhIL-II on primitive hematopoietic 
progenitor populations, the action of rhIL-lI mega- 
karyocyte colony-forming cells is best observed in cultures 
containing combinations of cytokines. ln a serum- 
containing fibrin clot system, IL-11 is inactive alone, but 
acts synergistically with IL-3 to promote the formation of 
murine megakaryocyte colony formation (Paul et al., 
1990). Similar synergistic effects of IL-3 and rhIL-11 on 
megakaryocyte growth are observed in semisolid and 
liquid cultures of murine and human bone marrow cells, in 
which rhIL-11 also increases the size of the megakaryocyte 
colonies as well as the size and ploidy of individual 
megakaryocytes (Burstein et al., 1992; Teramura et al., 
1992; Yonemura et al., 1992; Weich et al., 1997). In the 
presence of IL-3, rhIL-11] stimulates significant BFU- 
MEG colony formation derived from immature CD34* 
DR human bone marrow cells (Bruno et al., 1991). On 
more mature 1L-1]1]-responsive target cells, the need for 
other growth factors diminishes. When highly purified 
CD41" bone marrow cells are cultured in rhIL-I1] alone, 
the ploidy distribution increases to greater values 
(Teramura et al., 1992). Similarly rhIL-11 alone increases 
the production of acetylcholinesterase in cultures of 
murine bone marrow cells, and can act as an autocrine 
growth factor for some human megakaryoblastic cell lines 
(Kobayashi et al., 1993), suggesting that IL-1] has a role 
in maturation and differentiation. Combined, these results 
suggest that IL-11 has a role in multiple stages of the 
megakaryocyte differentiation pathway. 


5.1.3 Erythropoiesis 


rhIL-I] stimulates erythropoiesis 7” vitro at several 
stages along the differentiation pathway. In analyzing the 
effects of rhlL-11 on murine erythroid cell development, 
Quesniaux and colleagues found that 1L-11 acts in 
concert with SF and EPO to promote macroscopic 
erythroblast bursts containing erythroid (E) progenitors 
capable of forming CFU-E-like colonies with high 
frequency (Quesniaux et æl., 1992). When rhIL-11 1s 
combined with I1L-3, a significant number of 
hemoglobinized bursts are observed in the absence of 
exogenously added EPO, suggesting a role for IL-1T in 
late stages of erythroid development as well. The effects 
of rhlL-11 on burst-forming units erythroid (BFU-E) 
formation have been confirmed using purified human 
bone marrow CD34" cells in the presence of EPO 
(Lemoli et al, 1993). 
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5.1.4 Myelopoiesis and Macrophage Effects 


rhIL-11 may play a role in the maturation and/or 
activation of monocytes and monocyte progenitors. 
Ogawa and colleagues reported that the replating of 
murine blast cell colonies grown in IL-3 alone into 
secondary cultures containing only rhlL-11 and EPO 
yields significant numbers of monocyte/macrophage 
colonies (Musashi et al, 1991a). IL-I1 stimulates 
significant myeloid colony formation from 
unfractionated human bone marrow at 100 ng/ml and 
from purified CD34" HLA-DR’* bone marrow cells at 
10 ng/ml. There is no effect of rhIL-11 alone on the 
more primitive CD34° HLA-DR cell population (Keller 
et al., 1993). In human long-term bone marrow cultures, 
addition of rhIL-11 stimulates the growth of myeloid 
progenitors and dramatically increases the numbers of 
macrophages in the adherent stromal cell layer (Keller et 
in. Ry 

rhlL-11 has also been shown to affect gene expression 
in cells of the myeloid lineage. rhIL-11 treatment can 
increase the expression of IL-6 mRNA when added to 
cultures of human monocytes (Anderson et al., 1992). It 
can also downregulate expression of tumor necrosis factor 
(TNF), IL-1, interferon-y (y-INF), and IL-12 in LPS- 
stimulated mouse peritoneal macrophages (Trepicchio et 
al., 1996).These profound effects are directly attributable 
to rhIL-11 and are not mediated through the induction 
of other known anti-inflammatory cytokines such as 
TGF-6 or IL-10 (Trepicchio ez al., 1996). 


5.1.5 Lymphopoiesis s 

One of the earliest recognized effects of rhID-1T in 
culture is its ability to increase the number of sheep red 
blood cell (SRBC)-specific plaque-forming cells in 
murine splenocyte cultures (Paul et al., 1990; Yin et al., 
1992a). The activity of rhIL-11 in the splenocyte culture 
system is dramatically decreased by depletion of helper 
(CD4") T cells but not CD8* T cells, raising the 
possibility that the effects of IL-11 may be indirect. 

In the human system, Anderson and colleagues have 
further defined the role of IL-11 on lymphopoiesis by 
testing rhIL-11 2” vitro on fractionated cell populations. 
rhIL-11 produces a significant enhancement of Ig 
secretion without increasing DNA synthesis when B cells 
stimulated with pokeweed mitogen, irradiated T cells, 
and monocytes are cocultured with it (Anderson et al., 
1992). Interestingly, the purified helper T cell subset 
(CD4" 45RA‘) responds to rhIL-11 by increased 
proliferation and expression of IL-6, raising the 
possibility that some of the effects of IL-11 might be due 
to IL-6. However, neutralizing anti-IL-6 antibody only 
partially blocks 1L-11l-stimulated immunoglobulin 
secretion. Since IL-6 has been demonstrated to play an 
important role in B_~ cell differentiation and 
immunoglobulin secretion, it will be important to 
discriminate its role from the role of IL-11. 


5.1.6 Effects of IL-11 on Leukemia and 
Lymphoma Cells 


In general, the effects of rhIL-11 on various cell lines and 
primary human leukemic samples parallel its effects with 
normal hematopoietic progenitors. rhIL-I1] stimulates 
directly the proliferation of certain murine plasmacytoma 
cell lines such as T1165 and B9 in a dose-dependent 
manner, although the cells are much less responsive to 
rhIL-I1 than they are to 1L-6. However, rhIL-I1 is not 
a growth factor for freshly isolated human myeloma cells 
and does not increase proliferation or enhance 
immunoglobulin production (Paul and Schendel, 1992; 
Zhang et al., 1994). Interestingly, 1L-10 has been shown 
to induce IL-1] receptor and ‘IL-11 responsiveness in 
some human myeloma cell lines (Lu et al., 1995). rhIL- 
11 alone has little if any effects when tested on a large 
panel of cell lines derived from patients with acute 
myeloblastic and lymphoblastic leukemias, and 
lymphoma. However, in combination with IL-3, GM- 
CSF, or SF, IL-ll can trigger acute myelogenous 
leukemia blast cells into S-phase and promote 
proliferation (Hu et al., 1993; Lemoli et al 1995). 


5.2 EFFECTS OF IL-l Von 
NONHEMATOPOIETIC CELLS 


5.2.1 Effect of IL-11 on Adipocytes 


Besides affecting hematopoietic cells, rhIL-11 has 
significant activity in a variety of other culture systems. 
rhIL-I] directly inhibits the activity of a lipoprotein 
lipase in the murine 3T3-L1 preadipocyte cell line 
(Kawashima et al., 1991) and blocks adipogenesis in H- 
1/A cells, a murine stromal cell line derived from a long- 
term bone marrow culture (Ohsumi et al., 1991). In 
long-term human bone marrow cultures, rhIL-11 also 
blocks differentiation of preadipocytes and inhibits 
adipose accumulation in the adherent stromal layer 
(Keller et al., 1993). The ability of rhIL-11 to influence 
stromal cell differentiation by preventing adipogenesis 
may well complement its stimulatory effects with 
hematopoietic stem cells in regulating hematopoiesis and 
the bone marrow microenvironment. 


5.2.2 Effect of IL-11 on Hepatocytes and the 
Acute- phase Response 


Like IL-6 and leukemia inhibitory factor (LIF), IL-11 
can modulate gene expression in hepatocytes. rhIL-11 
alone induces expression of acute-phase proteins such as 
fibrinogen, Q,-antitrypsin, and a,-macroglobulin, in 
both primary rat hepatocytes and H-35, a rat hepatic cell 
line. The response to rhIL-11 is enhanced by 
dexamethasone in primary rat hepatocytes, but the 
magnitude of the effect is less than that seen with IL-6 
(Baumann and Schendel, 1991). rhIL-11 also enhances 
the expression of the IL-1-regulated proteins including 


complement C3, haptoglobin, and hemopexin and has 
no effect on albumin synthesis. In contrast to IL-6, 
treatment of human HepG2 hepatoma cells with rhIL-11 
elicits a very weak induction of haptoglobin mRNA and a 
large increase in the levels of microsomal heme- 
oxygenase, the rate-limiting enzyme in heme catabolism 
(Fukuda and Sassa, 1993). Induction of heme-oxygenase 
may also be important in protecting the host from 
oxidative stimuli by increasing the levels of bile pigments, 
which are antioxidants. 


5.2.3 Effect of IL-11 on Neuronal Cells 


Cytokines such as LIF and ciliary neurotrophic factor 
(CNTF) have also been shown to play an important role 
in the development of the nervous system. Thus, it 
should not be too surprising that IL-11 also has some 
activity on neuronal cells. rhIL-lI induces neuronal 
differentiation in murine embryonic hippocampal 
progenitor cell lines, which can be assessed by 
morphology as well as by an increase in mature 
neurofilament protein and development of tetradoxin- 
insensitive action potentials (Mehler et al, 1993). 
However, at concentrations greater than 100 ng/ml, 
rhIL-11 has no effect on cholecystokinin, somatostatin, 
enkephalin, and vasoactive intestinal polypeptide mRNA 
expression in cultured sympathetic neurons and only 
weakly induces expression of substance P mRNA, 
suggesting that the receptor for IL-1] is expressed at 
very low levels on sympathetic neurons (Fann and 
Patterson, 1994). 


5.2.4 Effect of IL-11 on Osteoclasts 


The pleiotropic nature of IL-11 is further revealed by its 
action on osteoclastogenesis. rhIL-11 stimulates the 
development of osteoclasts in isolated murine calvaria cell 
cultures, as well as in cocultures of bone marrow cells and 
osteoblastic cells derived from calvaria (Passeri et al., 
1993). These results are consistent with the finding that 
the IL-11 receptor is present on murine calvaria cells and 
several osteoblast-like cell lines (Bellido et al., 1996). 
Addition of rhIL-11 to bone marrow cells together 
with 10 nm 1,25-dihydroxyvitamin D,(1,25(OH),D;), 
increases the number of osteoclasts and the number of 
nuclei per osteoclast, compared with 1,25(OH),D, 
alone. In these cultures, the effects of 1,25(OH),D,; and 
parathyroid hormone on osteoclast induction are 
blocked by the addition of a neutralizing IL-11 antibody 
(Passeri et al., 1993). In contrast to IL-6, the effects of 
IL-1] are independent of the estrogen status of the bone 
marrow donor. The finding that IL-11 is induced in 
osteoblastic cells by TGF- and IL-l suggests a 
potentially important role for IL-11 in bone remodeling. 


5.2.5 Effect of IL-11 on Chondrocytes and 
Synoviocytes 

IL-11 may also have potential effects on cartilage. In 

human articular chondrocytes and synoviocytes, rhIL-11 


INTERLEUKIN-1] 175 


stimulates the production of tissue inhibitor of 
metalloproteinases (TIMP) and does not increase 
stromolysin activity or affect chondrocyte proliferation 
(Maier et al., 1993). These results imply IL-I 1 may have 
a protective role in connective-tissue biology by 
inhibiting the breakdown of extracellular matrix which 
often accompanies inflammatory processes of the joint. 


5.3 IN VIVO BIOLOGICAL ACTIVITIES 


The biological effects of human IL-1I are not strongly 
species restricted. To date rhIL-11] has been administered 
to two strains of mice, two strains of rats, Golden Syrian 
hamsters, guinea-pigs, rabbits, beagle dogs, cynomolgus 
monkeys, and humans. In all cases the human protein is 
active and, while the dose-response relationship is 
different from species to species, the biological effects of 
the protein are remarkably consistent. When the murine 
homologue was cloned, it was more active per unit mass 
in mice than was the human protein, but it did not elicit 
any additional biological responses (C. Wood, personal 
communication). 


5.3.1 Hematological Effects of rhIL-11 
Treatment 


5.3.1.1 Effectsin Normal Animals 


Despite the variety of 7m vitro effects reported for IL-11, 
administration of the rhIL-I1] protein to animals 
produces only a limited set of detectable changes. In 
animals with unperturbed bone marrow, treatment with 
rhIL-11 causes a dose-related increase in circulating 
platelets (Bree er ai O71. Cairo: ch ai 1993. lee, 
Neben et al., 1993; Yonemura et al., 1993). While an 
increase in platelet number following rhIL-11 treatment 
is observed consistently, the magnitude of the change 
varies from species to species and animal to animal. The 
kinetics of the platelet response is also variable from 
species to species. In mice, platelet counts begin to rise 
after as little as 3 days of treatment and begin to fall soon 
after treatment is concluded (Neben et ak, 1993). In 
larger animals, there is a 5—7-day lag between initiation of 
rhIL-11 treatment and the observation of an increase in 
circulating platelet number. After rhIL-11 treatment is 
stopped, platelet numbers remain elevated for 5—7-days 
before beginning to drop back toward baseline (Bree et 
al., 1991; Turner and- Clark, 1995). 

Along with the effects seen on circulating platelets, 
rhIL-11 treatment of mice causes an increase in the 
number of MEG-CFC in the bone marrow and spleen; 
an increase in the number, size, and ploidy of 
megakaryocytes in the spleen; and an increase in the 
ploidy, but no change in the number, of megakaryocytes 
in the bone marrow (Neben et al., 1993). Similar effects 
ee a ats (Cairo et al., 1993, 1994; Yonemura et 
ALAZ). 
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In contrast to its effects on cells of the megakaryocyte 
lineage, rhIL-lI treatment of normal rodents and 
primates has little effect on the number of circulating 
leukocytes (Bree et al., 1991; Cairo et al., 1994; Neben et 
al., 1993; Yonemura et al., 1993). Treatment with rhIL- 
l1 can cause an increase in GM-CFC in the spleen and 
bone marrow (Cairo et al., 1993, 1994) but no associated 
granulocytosis or monocytosis is seen. Similarly, no 
consistent effect of rhIL-II on lymphocyte number or 
CDC4/8 ratio has been reported. While treatment with 
rhIL-1I can mobilize some bone marrow cells to the 
periphery, the use of G-CSF in combination with rhIL-11 
dramatically increases the number of GM-CFC mobilized 
compared to the effect of either cytokine alone (Leonard 
et al., 1993; Hastings et al., 1994). The concomitant use 
of rhIL-11 with G-CSF may also enhance G-CSF- 
mediated leukocytosis (Cairo et al., 1994). 

Treatment with rhIL-11 may also cause a decrease in 
the animal’s hematocrit. This effect is especially 
noticeable in humans and in large animals (Bree et al., 
1991; Gordon et al., 1993; Ault et al., 1994). The drop 
in hematocrit is detectable within a day of initiation of 
rhIL-1I treatment and continues for about a week. 
Thereafter the hematocrit stabilizes. This phenomenon 
has been studied carefully in humans and seems to be 
caused by plasma volume expansion (Ault et al., 1994). 
Human volunteers treated with rhIL-11 retained more 
fluid and sodium than a cohort receiving a placebo 
control. The treated volunteers had about a 20% increase 
in their plasma volumes while their hematocrits fell by a 
similar amount. This effect is blunted by using a mild 
diuretic, and is readily reversible following cessation of 
rhIL-1I treatment. The mechanism by which thIL-11 
causes sodium and water retention is unknown at 
present. 


5.3.1.2 Effects in Myelosuppressed Animals 


The effects of rhIL-I1 on hematological recovery in 
myelosuppressed mice have been reported from several 
laboratories (Du et al., 1993a,b; Hangoc et al., 1993; 
Leonard et al., 1994; Maze et al., 1994). The results of 
these studies are more variable than those seen in normal 
animals. This variability may result from the different 
myelosuppressive regimens employed having variable 
effects on the number of hematopoietic progenitors that 
survive, on the cytokineenvironment that is produced, 
or on both. 

In lethally irradiated mice receiving bone-marrow and 
spleen cell support, treatment with rhIL-I] reduces the 
depth of the platelet nadir and stimulates the rate of 
neutrophil and platelet recovery significantly, but it has 
no significant effect on red cell recovery (Du et al., 
1993a,b). In mice treated with radiation and carboplatin, 
rhIL-II again reduces the depth of the platelet nadir and 
stimulates platelet recovery. In this case red cell recovery 
is also stimulated, while no effect on neutrophil numbers 
is seen (Leonard et al., 1994). For mice treated with 


cyclophosphamide, rhIL-11 treatment does not reduce 
either platelet or neutrophil nadirs, but accelerates the 
recovery of both cell types (Hangoc et al., 1993). Finally, 
rhIL-II can help sustain the levels of circulating platelets, 
red cells, and total white cells in BCNU-treated mice 
(Maze et al., 1994). Despite the variability in response, 
platelet recovery has consistently been improved by rhIL- 
11 treatment in all of these models. 

In addition to its hematological effects, rhIL-11 
treatment of myelosuppressed mice produces significant 
increases in the number of hematopoietic progenitors 
found in the bone-marrow and spleen. In 
radiation/carboplatin-treated animals, where rhlL-11 
promotes the recovery of circulating platelets, the 
number of CFU-MEG found in treated animals 2 weeks 
post chemotherapy is markedly higher than in controls 
(Leonard et al., 1994). This result suggests that rhIL-11] 
not only stimulates megakaryocyte development and 
platelet production, but also supports the general growth 
and development of the whole megakaryocyte lineage. In 
addition to the effects on CFU-MEG, the numbers of 
CFU-GM, CFU-E, and CFU-GEMM are higher in 
rhIL-11-treated animals than in controls in all of the 
models reported to date. These results demonstrate both 
the specific effects of IL-11 on megakaryocyte 
development and the pleiotropic effects of IL-11 on 
general hematopoietic recovery in myelosuppressed 
animals. This conclusion is further supported by the 
observation that many patients naturally have elevated 
levels of 1L-11 in their serum following myeloablative 
therapy or bone marrow transplantation (Suen et al., 
1994; Chang et al., 1996). 


5.3.2 Effects of IL-11 on Serum Proteins 


In addition to its effects on blood cells and their 
precursors, rhlL-11 alters the level of several serum 
proteins in treated animals. Consistent with the 
observation that rhIL-11 induces acute-phase proteins in 
liver cells in culture (Baumann and Schendel, 1991) the 
concentration of acute-phase proteins increases in the 
blood of rhIL-11 treated people (Gordon et al., 1993; 
Ault et al., 1994; Kaye et al, 1994). These proteins 
include ferritin, haptoglobin, C-reactive protein, and 
fibrinogen. Unexpectedly, the concentration of von 
Willebrand factor (vWF) also increases significantly (Kaye 
et al., 1994). The source of the increased vWE is not 
understood at present. 


5.3.3 Effects of IL-11 on Epithelial Cells 


Much of the early work on rhIL-11 focused on its effects 
on hematopoiesis. Recently it has been recognized that 
this cytokine has effects on several other cell types. One 
such observation, first reported by D. Williams, is the 
effect of rhIL-11 on epithelial cells. Mice treated with 
both 5-fluorouracil (5-FU) and sublethal irradiation die 
of sepsis associated with infection by bacteria that enter 
the system through damaged intestinal crypts. Treatment 


INTERLEUKIN-1l1 177 





with rhIL-11 allows the epithelial cells to maintain their 
integrity and thus allows most of the animals to survive 
the treatment (Du et al., 1994). The mechanism by 
which 1L-11 reduces epithelial damage is not clear, but it 
seems to be independent of its effects on circulating 
blood cells. 

The initial observation by Williams and his coworkers 
have been extended to include models of chemotherapy 
and chemical damage. Hamsters treated with 5-FU 
develop severe mucositis after a week to 10 days. This 
epithelial damage can be strikingly reduced by the 
administration of rhlL-11 to the animals at the time of 
chemotherapy or shortly thereafter (Sonis et al., 1995). 
In this model, rhlL-11 both prevents the mucosal 
damage and accelerates its healing. This is in contrast to 
the effects of other growth factors such as TGF-B, which 
accelerate healing but do not protect against the 
development of the mucositis lesions (Sonis et al., 1994). 

Chemical damage, such as acetic acid burns, has been 
used as a model of inflammatory damage in the large 
intestine of the rat (MacPherson and Pfeiffer, 1978). 
This model was used to determine whether rhIL-11 
could affect the healing of inflammatory lesions. As in the 
case of radiation and chemotherapy, the colonic epithelial 
cells of animals receiving rhlL-1] are more resistant to 
the damage induced by acetic acid than are the controls. 
The architecture of the colonic walls is retained and the 
amount of inflammation is dramatically reduced in the 
rhIL-1l1-treated animal (Keith et al, 1994). Similar 
results have been seen using TNB-induced damage (Qiu 
aal 1996). 

While the~mechanism by which IL-11 modulates 
epithelial damage is still unknown, the results are 
striking. As reviewed above, IL-11 is known to alter gene 
expression in monocytes and cells closely related to 
monocytes such as osteoclasts. Since monocytes play a 
central role in the inflammatory response, IL-11 may 
modulate inflammatory reactions by its effects on 
monocyte gene expression (Trepicchio et al., 1996). It is 
also known that rhlL-11 can interact directly with 
epithelial cells in culture to alter their cell cycle 
characteristics and to modify gene expression (Peterson 
et al., 1996). A combination of these two effects may 
lead to the epithelial protection seen in radiation, 
chemotherapy, and inflammation models. 


6. The IL-1] Receptor 


The initial observation that 1L-11 stimulated the growth 
of T1165 cells in a manner similar to 1L-6 prompted 
numerous studies to compare the biochemical and 
biological activities of the two cytokines and their 
receptors. In part, the overlapping activities are due to 
the finding that IL-6 and 1L-11, like LIF, oncostatin M, 
and CNTF, utilize a common signal-transducing 


receptor subunit gp130 (Yin et al., 1993; Fourcin et al., 
1994; Zhang et al., 1994). The best-studied member of 
this complex receptor family is the high-affinity 1L-6 
receptor, which is composed of a heterodimeric complex 
consisting of a unique 1L-6 binding & chain, gp80, in 
association with a homodimer of gp130. The structure of 
the IL-11 receptor is less well understood. Murine and 
human 1L-11 binding receptor a chains have been 
cloned (Hilton et al., 1994; Cherel et al., 1995). Figure 
11.5a shows an illustration of the known subunits of the 
human IL-1] receptor complex. The relationship of the 
[IL-1] receptor complex with other members of the 
gp130 family is depicted in Figure 11.5b. The human IL- 
11 receptor, cloned from a placental cDNA library, has 
82% sequence homology with the murine receptor. The 
murine 1L-1] receptor, cloned from an adult mouse liver 
cDNA library, has 24% sequence identity to the a chain 
of the IL-6 receptor and contains the characteristic 
residues found in most hematopoietin receptors. IL-11 
binding studies in the factor-dependent Ba/F3 cell line, 
transfected with the IL-1] receptor a chain in the 
presence or absence of gp130, confirm the previously 
published preliminary binding studies (Yin et al., 
1992b). When expressed alone in the Ba/F3 cell line, 
IL-11 receptor binds rhIL-11 with a low affinity of 
approximately 10 nM. Coexpression of gp130 and the 
IL-11 receptor & chain generates a high-affinity complex 
of 300-800 pM, similar to that found on 3T3-L1 cells 
(Milton et ai., 1994 Yin eral, 19925): 


7. IL-11 Signal Transduction 


The utilization of gp130 as a common signal transducer 
by the 1L-11, IL-6, LIF, CNTF, and oncostatin M 
receptors in part explains the biological overlap among 
these cytokines. To identify additional downstream 
intracellular components of the IL-11 signaling 
transduction pathway, tyrosine phosphorylation studies 
have been performed by several investigators (Yin and 
Yang, 1993: erecta al, 1994, Yin et al., 1994). 
Following rhIL-11 treatment of the 1L-11-dependent 
B9-TY1 murine plasmacytoma cell line, early response 
genes such as tis] 1, ¢2521, and jumB are rapidly activated 
(Yin and Yang, 1993). More recently, rhIL-11 has been 
shown to activate mitogen-activated protein kinase 
(MAPK) in mouse 3T3L1 cells and induce the formation 
of a Grb2, Fyn, and JAK2 complex, thus potentially 
serving as intermediate signaling molecules to link IL-11 
receptor activation with the Ras/MAPK system (Yin et 
al., 1994; Wang et al., 1995). The protein tyrosine 
phosphatase Syp has also been reported to associate with 
gp130 and JAK2 after stimulation of 3T3-L1 cells with 
rhIL-11 (Fuhrer et al., 1995). 

The effects of 1L-6 and IL-ll on tyrosine 
phosphorylation patterns of the JAK-TYK tyrosine 
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(a) Schematic illustration of the human IL-11 receptor as currently defined. The heavy black horizontal 


lines represent the conserved cysteines in the extracellular region. Potential N-linked glycosylation sites and the 
“WSXWS” motif are indicated by the half-circles and the hatched regions, respectively. (b) Schematic illustration of 
the gp130 family of hematopoietin receptors, including IL-6, CNTF, IL-11, LIF, and oncostatin M (OM). The receptor 
chain indicated for IL-11 by the dashed line is speculation based on the predicted structures of other members of 
this receptor family. 


kinases have recently been examined in human and 
murine plasma-cell tumor lines (Berger et al., 1994). 
rhIL-I1 induces similar patterns of JAK-TYK tyrosine 
phosphorylation as does IL-6 in the murine B9 
hybridoma and T10 plasmacytoma cell lines. Both IL-6 
and IL-11 are mitogens that can support the growth of 
these cell lines. Interestingly, the patterns of tyrosine 
phosphorylation of the JAK-TYK kinases and the 
transcription factor STAT9I were different in response to 
IL-6 in two human myeloma cell lines. Treatment of 
these two cell lines with IL-I1 did not result in any 
tyrosine-phosphorylated proteins, consistent with its lack 
of biological activity in human myeloma (see Section 5) 
(Berger et al., 1994). 


8. Clinical Implications 


The hematopoietic effects of rhIL-11 have prompted 
clinical studies in the use of IL-1I to treat patients 
suffering from severe thrombocytopenia. Not only does 
rhIL-11 stimulate platelet production, it also stimulates 
the production of megakaryocytes and their progenitors. 
This could be especially useful in very high-dose 
chemotherapy where most megakaryocytes are 
destroyed. An additional benefit of rhIL-11 treatment for 
patients undergoing chemotherapy may be a reduction in 
the severity of mucositis they experience. rhIL-I1 is 
currently in clinical trials treating thrombocytopenia 
caused by chemotherapy with and without stem cells 
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support. Results from phase I clinical trials (Gordon et 
al., 1996; Champlin et al., 1994) have demonstrated that 
the treatment is well tolerated and causes an increase in 
platelet count in the chemotherapy study and an earlier 
return to platelet transfusion independence in the 
transplantation study. Masked, placebo-controlled trials 
have been completed and have demonstrated that rhIL- 

l treatment can reduce the proportion of patients who 
require platelet transfusion following chemotherapy 
(Tepler et al., 1996; Isaacs et al., 1997). Other trials are 
currently underway to measure the effects of IL-11 on 
mucositis. 

The anti-inflammatory effects of rhIL-11 in several 
models of inflammatory bowel disease also suggest the 
possible therapeutic effects of treatment with this 
cytokine for these conditions. Clearly inflammatory 
bowel disease is a complex condition but the results 
obtained in animal models were striking enough to 
warrant human clinical trials. These trials are currently 
underway. 


9 Summary 


As reviewed in this article, interleukin- 1] has been found 
to be a multifunctional cytokine. It is part of a family of 
cytokines which includes IL-6. All members of this 
family utilize the gp130 signal-transducing chain as part 
of their receptor, and they all share many functional 
similarities. While in some ways typical of this family, 
IL-11 also has some interesting and unique features. 
Unlike IL-6, IL-11 is not made by T cells; it is only 
rarely mitogenic; and its effects are often demonstrated 
as synergistic enhancements of the activity of other 
growth factors. The actual molecular mechanism of this 
synergy is not known, nor is the reason why some cells 
are caused to divide by IL-11 while most are not. 
Explaining these different signal transduction pathways 
is one of the future challenges for IL-11 research. 

To date, the normal physiological role of IL-11 is 
unclear, but its expression pattern and distribution 
suggest that it may be involved in regulating both the 
bone marrow microenvironment and some kinds of 
inflammatory responses. Its effects on bone cells, 
adipocytes, and hematopoietic stem cells make it an ideal 
candidate for a factor that controls the architecture and 
cell composition of the bone marrow cavity. On the other 
hand, its expression in response to IL-1 and TGF-B in 
synoviocytes and lung fibroblasts; its effects on TNF, IL- 
l, and y-INF expression in macrophages; its stimulation 
of cells to produce TIMP which may in turn inhibit 
release of TNFa from inflammatory macrophages 
(Gearing et al., 1994); and its effects on the severity and 
progression of inflammation in the intestine following 
chemical damage, all suggest a potential role in reducing 
the adverse effects of inflammatory reactions. 


IL-11 is being developed as a biopharmaceutical. Its 
hematopoietic effects suggest that it may be useful in 
treating patients suffering from severe thrombo- 
cytopenia. This condition is sometimes the result of 
prolonged or intensive chemotherapy. It may also result 
from genetic defects or bone marrow disease. Clinical 
trials are currently underway to assess the utility of IL-11 
in the treatment of these conditions. 

In addition, the potential for using IL-11 in the 
treatment of inflammatory conditions such as 
inflammatory bowel disease seems great. Its ability to 
reduce inflammation without completely inhibiting it 
would seem to make IL-11 an ideal candidate for the 
treatment of the detrimental effects of a necessary bodily 
defense mechanism. Clinical trials to assess this potential 
are underway. 
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l. Introduction 


Interleukin-12 (IL-12) is a potent modulator of natural 
killer (NK) and T cell functions. Through the activities on 
these two cell types, the cytokine provides an important 
link between natural resistance (NK cells) and adaptive 
immune responses (T cells) (Locksley, 1993; Trinchieri, 
1993). IL-12 is unusual among the known cytokines 
because it is a heterodimer composed of two subunits 
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(p35 and p40) that represent unrelated gene products. 
The two subunits have to be coexpressed in order to yield 
secreted, bioactive IL-12 (Gubler et al., 1991; Wolf et al., 
1991). IL-12 was discovered independently by two 
research teams. Investigators at the Wistar Institute and 
Genetics Institute first designated the cytokine natural 
killer cell stimulatory factor (NKSF), while investigators 
at Hoffmann-La Roche proposed the term cytotoxic 
lymphocyte maturation factor (CLMF). The early 
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observation that B cell lines could directly contribute to 
an 1L-2-independent proliferation of NK cells ultimately 
led to the identification of NKSF through its ability to 
induce the synthesis of IFN-y in resting peripheral blood 
mononuclear cells (PBMC) (Kobayashi et al., 1989). 
CLMF was identified by its ability to synergize with 1L-2 
in augmenting cytotoxic lymphocyte responses (Stern et 
al., 1990). Through the purification of the natural 
proteins (Kobayashi et al., 1989; Stern et al., 1990) and 
the subsequent cloning of their mRNAs (Gubler et al., 
1991; Wolf et al., 1991), it became clear that NKSF and 
CLMF were identical cytokines; hence, the common 
name IL-12 was proposed (Gubler et al., 1991). 


2. The IL-12 Genes 


2.1 SEQUENCES OF THE HUMAN 
IL-12 p35 AND P40 SUBUNIT 
CDNAS 


The sequences for the p40 and p35 cDNAs are shown in 
Pitos 12 Mand 12.2. The cDNASTOr both 1L-12 
subunits were originally cloned from EBV-transformed 
induced human B cell lines NC-37 (Gubler et al., 1991) 
and RPM1 8866 (Wolf et al., 1991). In both cases, the 
natural 1L-12 protein was purified (Kobayashi etal., 1989; 
Stern et al., 1990) and partial amino acid sequence 
information from each respective subunit was used to 
design oligonucleotides for the screening of the cDNA 
libraries (Gubler et al, 1991; Wolf et al 1991). 
Sequencing of the isolated cDNAs led to the conclusion 
that the p35 and p40 mRNAs represented unrelated gene 
products. The p35 mRNA is approximately 1.4 kb, 
whereas the p40 mRNA is approximately 2.4 kb. 
Although the human p35 mRNA sequence has two in- 
frame AUG codons (see Figure 12.2), there is good 
evidence that the second AUG codon is the one used for 
translational initiation: (1) an mRNA containing only the 
second AUG gives rise to functional p35 protein; (ii) the 
amino acid sequence following the second AUG has all the 
characteristics of a standard signal peptide, whereas the 
peptide sequence after the first (upstream) AUG codon 
does not (Gubler et al., 1991; Wolf et al., 1991); and, 
finally, (iii) the corresponding 5’ region in the murine p35 
mRNA does not contain this upstream in-frame AUG and 
cannot be translated into the corresponding peptide 
sequence (Schoenhaut et al., 1992). Both IL-12 subunit 
transcripts contain several copies of the RNA destabilizing 
sequence motif ATTTA in their 3’ noncoding regions 
(Caput et al., 1986; Shaw and Kamen, 1986). 

In the B cell lines used for the cDNA cloning, both 
subunit mRNAs are induced with similar kinetics from 
low or undetectable levels to readily detectable levels 
within a few hours (Gubler et al., 1991; Wolf et al., 
1991). Both lipopolysaccharide (LPS) and Staphylococcus 


aureus Cowan | strain (SAC) are potent inducers of the 
p40 transcript in normal PBMC; however, under these 
conditions, the p35 mRNA is expressed in an almost 
constitutive fashion (D’Andrea et al., 1992, 1993). 


2.2 SEQUENCES OF THE MURINE 
IL-12 P35 AND P40 SUBUNIT 
‘CDNAS 


Since human recombinant IL-12 is inactive on murine 
lymphocytes (Schoenhaut et al, 1992), it became 
important to obtain recombinant murine IL-12 for 
biological studies in mice: Using cross-hybridization, 
cDNAs encoding the murine 1-12 subunit homologs 
were isolated from cDNA libraries that had been 
generated from mRNA derived from pokeweed mitogen- 
stimulated splenocytes. The human subunit cDNAs were 
first used under conditions of reduced hybridization 
stringency to isolate partial murine genomic clones 
encoding bona fide exons; subsequently, these murine 
genomic probes were used to screen the murine cDNA 
libraries (Schoenhaut et æl., 1992). Human and murine 
p40 mRNAs are approximately 70% identical in 
sequence, whereas the p35 mRNA sequences are only 
about 60% identical. By northern blot analysis, the 
murine p35 mRNA is approximately 1.5 kb and the 
murine p40 mRNA approximately 2.6 kb. Similar to the 
human mRNAs, the 3’ noncoding regions of both 
murine IL-12 subunit mRNAs also contain several copies 
of the ATTTA destabilizing motif. 

Some data are available on the expression of the murine 
subunit mRNAs in different tissues or cell types and under 
different induction conditions. Similar to the human IL-12 
p35 subunit mRNA, very little regulation of the expression 
of murine p35 mRNA in macrophages has been observed 
(Romani et al., 1994). In contrast, murine p40 mRNA is 
induced in macrophages by LPS or heat-killed Listeria 
(Reiner et al., 1994). Treatment of the macrophage cell 
line J774 with IFN-y was shown to induce expression of 
the p40 mRNA (Yoshida et al., 1994). Studies on murine 
tissues demonstrated the presence of the p40 mRNA in 
spleen, cultured splenocytes, and thymus. Treatment of 
splenocytes with pokeweed mitogen results in a decrease in 
p40 mRNA levels. The p35 mRNA is present in spleen, and 
treatment with pokeweed mitogen has no effect on its 
steady-state levels. p35 mRNA is also expressed in 
nonhemopoietic tissues, i.e., lung and brain (Schoenhaut 
et al., 1992), although the relevance of these findings is not 
known. IL-12 p35 and p40 mRNAs were also detected in 
fetal and adult thymus, and in two thymic epithelial cell 
lines (Godfrey et al., 1994). 


2.3 GENOMIC STRUCTURE 


The 1L-12 subunits p40 and p35 are encoded by separate 
and unrelated genes. Analysis of the human genes has 
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Figure 12.1 Nucleotide sequence of the human p40 subunit cDNA and deduced amino acid sequence for the 
preform of the p40 protein. The signal peptide is underlined and the predicted N-linked glycosylation sites are 
underlined and italicized. 


demonstrated that they are unlinked and reside on 
chromosomes 5q31-33 and 3p12-3q13.2, respectively 
(Sieburth et al., 1992). Further analysis of the human 
gene structure has not yet been published. 

Although the chromosomal location of the mouse 
genes has yet to be determined, the genomic structure 
of these genes has been analyzed (J. Magram, 
unpublished data). The sequence of the p40 gene 
which aligns with the cDNA spans approximately 


13 kbp and is divided into eight exons (see Figure 
12.3). The first two introns are significantly larger than 
the others and constitute a large portion of the gene. 
The first exon consists of noncoding DNA since the 
initiating ATG is encoded in the second exon. 
Sequence analysis upstream from the first exon reveals 
the presence of a putative TATA site and a CAT box 
approximately 47 and 109 nucleotides, respectively, 5° 
to the first nucleotide encoded by the known cDNA 
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AATATTTATTTATATAACTTGGTAATCATGAAAGCATCTGAGCTAACTTATATTTATTTA 
TGTTATATTTATTAAATTATTTATCAAGTGTATTTGAAAAATATTTTTAAGTGTTCTAAA 
AATAAAAGTATTGAATTAAAAAAAAAAAAAAAAAABAAAAA 


Figure 12.2 Nucleotide sequence of the human p35 subunit cDNA and deduced amino acid sequence for the 
preform of the p35 protein. The signal peptide following the second AUG codon is underlined and the predicted N- 
linked glycosylation sites are underlined and italicized. 


(Schoenhaut et al., 1992). Since the true initiation of 
transcription has not yet been identified, these sites are 
potentially aligned to function correctly as bona fide 
promoter elements. 

The p35 subunit coding sequence spans 7.4 kb of 
genomic DNA and like the p40 gene contains two 
introns which are larger than thé rest. Interestingly, it 
also contains two extremely small introns of 72 and 
100 bp. The p35 gene consists of seven exons as shown 
in Figure 12.4. In contrast to the p40 gene, sequence 
analysis upstream from exon l does not reveal any 
putative promoter elements. This most likely indicates 
one of two possibilities: (i) since the initiation of 
transcription is unknown, the sequence obtained may not 
represent the promoter region (i.e. there may be 
additional noncoding exons yet to be identified) or (ii) 
the p35 promoter may not be a classical promoter. 


3. The Protein 


Among the family of interleukin proteins that have been 
characterized to date, IL-12 is structurally unique. It is a 
heterodimeric protein comprising two disulfide-linked 
subunits (Kobayashi et al., 1989; Stern et al., 1990; 
Podlaski et al., 1992) with neither IL-12 subunit alone 
displaying significant activity over the range of 
concentrations at which the IL-12 heterodimer is active 
(Gubler et al., 1991; Wolf et al., 1991). However, it has 
been proposed that the larger subunit (p40) may interact 
with the receptor or stabilize the smaller subunit (p35) in 
a conformation that allows binding to the receptor 
(Podlaski eż al., 1992). The p40 subunit (molecular mass 
40 kDa) of human IL-12 is composed of 306 amino acids 
(Figure 12.5a) and contains 10 cysteine residues, while 
the p35 subunit (molecular mass 35 kDa) consists of 197 
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Figure 12.3 Genomic structure of the p40 subunit of IL-12. Exon/intron boundaries and locations were determined 
by PCR and sequencing. This diagram illustrates the alignment with the known cDNA and therefore contains the 
entire coding sequence but is not complete for noncoding sequences. Putative CAT and TATA boxes were 
determined by sequencing. Some known restriction sites are shown (1). 
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Figure 12.4 Genomic structure of the p35 subunit of IL-12. Exon/intron boundaries and location were determined by 
PCR and sequencing. This diagram illustrates the alignment with the known cDNA and therefore contains the entire 
coding sequence but is not complete for noncoding sequences. EcoRI sites are shown (Î). 


amino acids (Figure 12.5b) and has 7 cysteine residues 
(Gubler et al., 1991; Wolf et al., 1991). p35 contains six 
intramolecular S—S bonds: Cys'*—Cys**, Cys*—Cys’”*, 
and Cys*’—Cys’’. The intermolecular disulfide bond is 
between p35 Cys-74 and p40 Cys-177. p40 contains 8 
intramolecular S—S bonds: Cys-”°—Cys®*, Cys'”’-Cys’””, 
Cys'*8§_Cys'1, and Cys’’*-Cys*”. (Tangarone et al., 
1995). lt has also been reported that the free sulfhydryl 
group found in the recombinant p40 protein is 


cysteinylated or paired with the sulfur in thioglycolic acid 
(Tangarone et al., 1995). IL-12 had been initially shown 
to be a glycoprotein by its adsorption to immobilized 
Lens culinaris agglutinin (Kobayashi et al., 1989). 
Furthermore, the deduced amino acid sequence of the 
subunits revealed four potential N-linked glycosylation 
sites on the 40 kDa structure (Figure 12.5a) and three 
putative N-linked sites on the 35 kDa subunit (Gubler et 
al., 1991; Wolf et al., 1991). it has been demonstrated 
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Figure 12.5 Primary protein structure of (a) the 40 kDa and (b) 35 kDa subunits of IL-12. The complete amino acid 
sequence of the subunits were predicted from the cloned cDNA of the subunits (Gubler et al., 1991; Wolf et al., 1991). 
Potential N-linked oligosaccharide sites are shown as bold circles. Cysteine residues are shown shaded. 


(Podlaski et al., 1992) that at least one of the sites on the 
40kDa subunit is glycosylated (Asn-200), whereas a 
second is not (Asn-103). Chemical and enzymatic 
analyses of the human IL-12 heterodimer, isolated from 
the human lymphoblastoid cell line NC-37 demonstrated 
that the p40 and p35 subunits contain 10% and 20% 
carbohydrate, respectively (Podlaski et æl., 1992). 


The 35 kDa subunit of IL-12 shares homology with 
IL-6, G-CSF, and chicken myelomonocytic growth 
factor (Merberg et al., 1992), and has, like most other 
cytokines, an o-helix-rich structure. The 40 kDa subunit 
is not homologous to other cytokines, but belongs to the 
hemopoietin receptor family and most resembles the IL- 
6 receptor and the ciliary neurotrophic factor receptor 


(Gearing ve al, 1991; Schoenhaut et al, 1992). 
Mowever, there is no evidence for the existence of 
membrane-associated forms of IL-12 or either of its 
subunits. 

The predicted amino acid sequence of the murine IL- 
12 p40 subunit shares 70% identity to human IL-12 p40, 
whereas the human and mouse p35 subunits share 60% 
amino acid sequence identity (Schoenhaut et al., 1992). 
Murine IL-12 is fully active on human lymphocytes, but, 
as discussed above, human IL-12 is inactive on murine 
lymphocytes. Amino acid differences in the p35 subunits 
of human and murine IL-12 are critical for the observed 
species specificity of IL-12 (Schoenhaut etwi., 1992). 

Recombinant IL-12 protein has been purified from 
the medium of cultures of CHO cells transfected with 
IL-12 cDNAs. The protein backbone has a molecular 
mass of 57.2 kDa, although the glycosylated protein 1s 
approximately 70kDa as determined by analytical 
ultracentrifugation (E.H. Braswell and A.S., unpublished 
data). Based on isoelectric focusing gels, there are three 
major bands in the pI range of 4.5-5.3. Although long- 
term storage of the bulk protein in a liquid state has not 
been thoroughly investigated, it has been found that the 
protein is stable in pH 7 buffer free of calcium, 
magnesium, and potassium salts, at concentrations of 
approximately 1 mg/ml at -70°C. 


4. Sources of IL-12 


The primary cellular source of IL-12 production is the 
monocyte /macrophage. In addition, B cells produce IL- 
12 but at significantly lower levels (D’Andrea et æl., 
1992). These observations derive from analyses of a 
variety of both human and mouse cells and cell lines. 

When cultures of human PBMC are incubated with 
SAC, LPS, or killed Mycobacterium tuberculosis, a 
dramatic increase in IL-I2 production is observed 
(D’Andrea et al., 1992). SAC is the most potent inducer. 
Although PBMC appear to secrete low levels of IL-12 in 
the absence of inducers, the presence of minimal 
amounts of endotoxin in the medium could not be 
excluded in these studies (D’Andrea et al., 1992). The 
cell types in these cultures which appear to produce the 
IL-12 are comprised of both adherent monocytes/ 
macrophages and nonadherent cells. The nonadherent 
cells which are most likely producing the IL-12 are B 
lymphocytes, since phytohemagglutinin (PHA)-activated 
PBMC (PHA blasts; mostly activated T cells) and NK 
cells do not produce detectable IL-12. PBMC fail to 
enhance IL-12 secretion in response to phorbol esters 
(D’Andrea et al., 1992). In addition, levels of IL-12 
secreted are not elevated in response to a variety of 
cytokines including IL-Ia, IL-1B, IL-2, IL-4, IL-6, IFN- 
y, IFN-B, TNF-a, TNF-B or GM-CSF (D’Andrea et al., 
1992). 

Analysis of human IL-12 produced by a number of żin 
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vitro EBV-transformed cell lines demonstrated that most 
of these lines secrete both the free p40 chain and the 
heterodimer (D'Andrea et al, 1992). As opposed to 
PBMC, production of both of these molecules was 
significantly increased upon stimulation by phorbol ester 
(D Andrea et al., 1992). In contrast, no detectable IL-12 
was produced by Burkitt lymphoma-derived cell lines. 
Also, no IL-12 could be detected in several T cell lines, 
myeloid leukemic cell lines, or other solid tumor cell 
lines, in the absence or presence of stimulation by 
phorbol ester (D’Andrea et al., 1992). 

In the murine system, evidence also points to the 
monocyte/macrophage as the primary source for the 
production of IL-12 (D’Andrea et al., 1992): (1) 
production of IL-I2 was observed in Listeria 
monocytogenes-stimulated spleen cells derived from severe 
combined immunodeficiency (SCID) mutant mice which 
lack B and T cells (Tripp et al., 1993) and (ii) production 
of IL-12 was also detected from Listeria monocytogenes- 
stimulated peritoneal macrophages 1” vitro and was 
negatively regulated by IL-10 (Hsieh et al., 1993). 


5. Biological Activities 
5.1 EFFECTS ON CYTOLYTIC CELLS 


One of the initially described activities of IL-12 was its 
ability to activate spontaneously cytotoxic human 
NK/lymphokine-activated killer (NK/LAK) cells to 
become cytolytic (Kobayashi et al., 1989). The original 
observation has now been confirmed and extended by 
numerous laboratories using recombinant IL-12 on both 
human (Lieberman et æl., 1991; Wolf et al, 1991; 
Chehimi et al, 1992, 1993; Gately et al., 1992; Naume 
et al., 1992, 1993b; Robertson et al., 1992; Zeh et al., 
1993) and murine NK cells (Schoenhaut et al., 1992, 
Gately et al., 1994b). Activation of CD56" NK cells by 
overnight incubation 7” vitro with IL-12 resulted in 
enhanced killing of NK-sensitive and NK-resistant tumor 
target cells (Chehimi et æl., 1992; Robertson et æl., 
1992), antibody-coated tumor target cells (Lieberman et 
al., 1991; Robertson et al, 1992), and virus-infected 
fibroblasts or T cells (Chehimi et al, 1992, 1993). The 
effects of IL-I2 are independent of IL-2, IFN-a, IFN-B, 
IFN-y, and TNF-a (Robertson et al., 1992; Chehimi et 
al., 1993). As with human NK activity, mouse IL-12 
induced NK activity of murine spleen cells im vitro 
(Schoenhaut et al., 1992). Furthermore, enhanced NK 
activity has been demonstrated in the spleens, livers, 
lungs, and peritoneal cavities of mice treated 7m viyo with 
recombinant murine IL-12 (Gately et al., 1994b). 

LAK cell activity has been observed following 
incubation of human peripheral blood lymphocytes 
(PBL) with IL-12 for longer times (Gately et al., 1992; 
Naume et al., 1992, 1993b; Zeh et al., 1993; Rossi et al., 
1994). The primary cell type stimulated in these cultures 
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is a CD56° NK cell (Gately et al., 1992; Naume et al., 
1992, 1993b) and this induction can be partially 
inhibited by antibodies to TNF-a, but antibodies to IL-2 
or IFN-y had little or no effect on IL-12-induced 
activation (Gately et al., 1992; Naume et al., 1992). The 
maximum NK/LAK activity induced by optimal 
concentrations of IL-12 is lower than that which can be 
achieved with IL-2 (Kobayashi et al., 1989; Chehimi et 
al., 1992; Gately et al, 1992; Naume ef al, 1992: 
Robertson et al, 1992; Cesano et al., 1993). 
Combinations of IL-12 and IL-2 can result in synergistic 
(Stern et al, 1990; Gately et al., 1992; Rossi et al., 
1994), additive (Gately et al., 1992; Cesano et al., 1993), 
less than additive (Chehimi et al., 1992), or inhibitory 
(Gately et al., 1992; Zeh et al, 1993) effects on 
enhancement of NK/LAK activity depending on the 
cytokine concentrations and length of culture. 

IL-12 has also been shown to upregulate the cell 
surface expression of adhesion /activation molecules and 
cytokine receptors on cytolytic cells, including CD2, 
CDIla, CD54, CD56, CD69, CD71, HLA-DR, the 
79 kDa TNF receptor, and receptors for IL-2 (a and B 
subunits), IL-4, and IL-12 (Robertson et al., 1992; 
Gerosa et al, 1993; Naume et al, 1992, 1993b; 
Rabinowich et al., 1993; Jewett and Bonavida, 1994). 

In addition to its effects on NK/LAK cells, IL-12 can 
also facilitate the induction of specific human CTL 
responses to weakly immunogenic allogeneic melanoma 
tumor cells (Wong et al., 1988; Gately et al., 1992). The 
induction of CTL required both IL-12 and irradiated 
melanoma cells, and the resulting CD3* T cells 
specifically lysed allogeneic cells (Gately et al., 1992). 
Both IL-12 and IL-2 were active in this assay, but the 
concentration of IL-I2 necessary to induce a_half- 
maximal response was approximately 10-fold lower than 
the concentration of IL-2 (Gately et al., 1992). IL-12 
can also enhance the lytic activity of purified human 
CD8* T cells stimulated by immobilized anti-CD3 
(Mehrotra et al., 1993). Consistent with these in vitro 
results, it has now been shown that IL-12 administered 
im vivo to mice injected with allogeneic cells can enhance 
specific CD8* CTL responses (Gately et al., 1994b). The 
amount of IL-12 necessary to induce this specific CTL 
response z4 vivo was 10- to 100-fold higher than that 
required to augment NK activity (Gately et al., 1994b). 


4 
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5.2 EFFECTS ON CELL PROLIFERATION 


IL-12 has been shown to stimulate the proliferation of 
T cells in various short-term i” vitro assays. In contrast 
to other cytokines (e.g., IL-2 and IL-7), IL-12 
stimulates minimal proliferation of resting PBMC but 
can induce proliferation of lymphocytes that are 
activated by a number of stimuli (Kobayashi et al, 
1989; Stern et al., 1990; Gately et al., 1991; Gubler et 
al., 1991; Wolf et al., 1991; Bertagnolli et al., 19202 


Perussia et al., 1992; Andrews et al., 1993; Zeh et al., 
1993). The growth-promoting effects of IL-12 on 
activated T cells have been demonstrated using T cells 
isolated from PBMC, T cell clones, CTL lines, and 
tumor infiltrating lymphocytes (TILs) (Gately et al., 
1991; Bertaqwa Am. 1992. Perussia eau, ae Oe 
Mfidrews et ay 1993. Zen ei ai 19935). Mew 
stimulates the proliferation of CD4* and CD8* TCR- 
aB* T cells and TCR-y5" lymphoblasts (Gately et al., 
1991; Perussia et al, 1992). This effect of IL-12 is 
independent of IL-2 (Gately et al., 1991; Bertagnolli et 
al., 1992; Perussia et al., 1992; Andrews et al., 1993). 
The maximum proliferation induced by IL-12 on PHA- 
activated lymphocytes is approximately one-half that 
induced by IL-2 but similar to that obtained with either 
IL-4 or IL-7 (Gately et al, 1991). However, the 
concentration of IL-I2 needed to obtain half-maximal 
proliferation was substantially less than the 
concentrations needed for IL-2, IL-4, or 1L-7 (Gately et 
al., 1991). Combinations of IL-12 with suboptimal 
amounts of IL-2 resulted in additive proliferation of 
activated lymphocytes (Gately et al., 1991; Bertagnolli 
et al., 1992; Perussia et al., 1992; Andrews et al., 1993). 
However, at higher concentrations of IL-2, IL-12 has 
no effect or inhibits 1L-2 induced proliferation 
depending on the cell type (Perussia et al., 1992). 
Recently, it has been reported that the highest level of T 
cell proliferation, comparable to that observed with IL- 
2, is obtained by combining IL-I2 with activation of the 
B7-CD28 pathway (Kubin et al., 1994a; Murphy et al., 
1994). The bioactivity of IL-12 is frequently measured 
by its ability to stimulate proliferation of activated T 
cells 1m vitro (Gately and Chizzonite, 1992). 

Several groups have also demonstrated that IL-12 
can induce the proliferation of NK cells (Gately et al., 
I99T; Naume et al, 1992, 1993b; Perussia et al. 
1992; Robertson et æl, 1992). IL-12 can directly 
stimulate the proliferation of CD56* NK cells, but the 
level of proliferation induced was only 10% of the level 
induced by IL-2 and approximately 50% of the IL-7- 
induced proliferative responses (Naume et al., 1992); 
IL-12 had either an additive (Naume et al., 1992: 
Perussia et al., 1992) or inhibitory (Robertson et al., 
1992; Perussia et al., 1992) effect on IL-2-induced NK 
cell proliferation depending on the culture conditions 
used. The inhibitory effect of IL-12 on IL-2-induced 
NK proliferation was blocked by neutralizing anti-TNF 
antibodies (Perussia et al., 1992). In contrast to the 
inhibitory effects of IL-4 on IL-2- and IL-7-induced 
NK cell proliferation, combinations of 1L-4 and IL-12 
resulted in synergistic proliferation of NK cells (Nagler 
et al, 1988; Stotter et al., 1991; Robertson et al., 
1992; Naume et al., 1993b); these results suggest that 
IL-12-induced signaling on NK cells may differ from 
that of IL-2 or IL-7. In general, IL-12 by itself is a 
weaker inducer of NK cell proliferation than of T cell 
proliferation. 
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5.3 EFFECTS ON CYTOKINE 
INDUCTION 


Incubation of human resting or activated PBL with IL-12 
results in a dose-dependent induction of LFN-y (Chan etal., 
1991, 1992; Kobayashi et al., 1989; Wolf et al., 1991; 
Perussia et al., 1992; Naume et al., 1993a; Wu etal., 1993) 
from both T mi NK cells (Chan etal., 1991; Perussia et al., 
1992). Resting PBL and neonatal T ooh require tae 
presence of accessory cells to produce IFN-yin response to 
IL-12 (Chan et al., 1991; Wu ef ai.,1993), but there is no 
accessory cell requirement for activated T or NK cells to 
respond to 1L-12 (Chan et al., 1991). The effect of IL-12 is 
largely independent of the induction of IL-2 since anti-1L- 
2 antibodies only slightly reduce the 1L-12-stimulated 
production of IFN-y (Chan et al., 1991). Synergistic 
induction of IFN-y has also been observed with 
combinations of 1L-12 plus other stimuli including IL-2 
(Kobayashi etal., 1989; Chan etal., 1991, 1992; Wolf et al., 
Pe Wiwera!, 1993), IL land TNF-a (Wu ef at, 1993), 
PHA, phorbol ester, or anti-CD3 antibodies (Chan et al., 
1991). In contrast 1L-4 (Kintwa et al., 1992), transforming 
growth factor beta (TGF-B) (Chan etal., 1991) and 1L-10 
(D’Andrea et al., 1993) inhibit IL-12-induced production 
of LFN-y from human lymphoid cells. IL-6 does not 
synergize with IL-12 to induce IFN-y (Wu et al., 1993). 

Murine IL-12 can also induce/enhance IFN-y 
secretion from murine spleen cells (Schoenhaut et al., 
POG] chdladlO 3; Lrippietal,199 3 )and naive 
T cells that were antigen-primed 7” vitro (Hsieh et al., 
1993). 1L-12-stimulated IFN-y secretion can be further 
enhanced by exposure of the cells concurrently to IL-2 
(Hsieh er gl, 1993) or TNF-a (Gazzinelli emat., 1993; 
Tripp et al., 1993). In contrast, IL-10 inhibits IL-12 plus 
TNF-a-induced production of IFN-y from murine NK 
cells (Tripp et æl., 1993). Mice injected with murine IL-12 
produce high serum levels of IFN-y, and liver lymphoid 
cells from these animals spontaneously secrete IFN-y ex 
vivo (Gately et al., 1994b; Morris et al., 1994). 

]L-12 has been shown to induce the secretion of low 
amounts of TNF-a from alloactivated (Perussia et æl., 
1992) or resting NK cells (Naume et al., 1992), but 
substantially more TNF-a is secreted by 1L-2-induced than 
by 1L-12-induced NK cells (Naume et al, 1992). 
Incubation of human NK cells with 1L-12 plus IL-2 results 
in an additive induction of TNF-a (Perussia et al., 1992). 
Human NK cells also produce low levels of GM-CSF and 
1L-8 in response to 1L-12 (Naume etal., 1993a). Following 
injection of mice with 1L-12, the levels of mRNA for splenic 
TNEF-aand 1L-10 are increased, as are the number of spleen 
cells secreting 1L-10 (Morris et al., 1994). 


5.4 EFFECT ON REGULATION OF 

eed ara © 15) 
Helper T cells can be divided into a Tyl subset that 
secretes IFN-y and 1L-2, resulting in cell-mediated 


immune responses; a T42 subset that produces IL-4, IL- 
5 and IL-10, facilitating humoral immune responses; and 
a T40 subset that secretes both IFN-y and 1L-4 (Scott, 
1993; Trinchiert, 1993). There is now strong evidence 
accumulating that a unique property of IL-12 is the 
regulation of the induction of the T,,I subsets of murine 
T helper cells (Hesich et al, 1993; Seder erm T 
Schmitt et al., 1994a,b) and human T helper cells 
(Romagnani, 1992; Manetti et al, 1993; Irinchieii 
1993). In an în vitro model utilizing ovalbumin-specific 
aß T cell receptor CD4 T cells, recombinant murine IL- 
12, but not a number of other cytokines, preferentially 
induced the development of T41 cells from naive murine 
T cells (Hsieh et al., 1993). IL-12 has also been shown to 
directly effect naive CD4* T cells (Seder et al., 1993; 
Schmitt et al., 1994a) and murine T,,] but not T,,2 cell 
clones (Germann et al., 1993; Yanagida et Al, 1994). In 
cultures of T42 clones incubated with IL-4and TL-12; 
the effects of IL-4 were dominant and T42 cells were 
induced (Hsieh et al., 1993; Seder et al., 1993; Schmitt 
et al., 1994a). IFN-y is necessary for most of the IL-12- 
mediated effects on T1 cells but it cannot replace IL-12 
(Hsieh et al, 1993; Seder e ai, 1993 schunitigg 27 
1994b). TGF- Pabed 1L-12- mane development a 
r a (Schmitt et al., 1994b). In addition to 
m the Om of naive T cells to the Tmi 
pathway, IL-12 has been shown to serve as an important 
costimulus with the B7-CD28 pathway for the activation 
of fully differentiated murine T41 cells (Murphy et al., 
1994). 

The effect of IL-12 on T,,1/T,,2 cell development has 
also been observed on human cells (Romagnani, 1992; 
Manetti et æl., 1993; Trinchieri, 1993). CD4* T cell lines, 
activated im vitro with Dermatophagoides pteronysinus 
group l antigen, generally exhibit a T,,2-like phenotype 
producing IL-4 but little or no [FN-y (Parronchi et al., 
S2 However, cell lines generated in the presence m 
human 1L-12 exhibit a T,,0 profile (secreting both IFN- 
y and IL-4) or T,,I-like notin profile (secreting INF-y 
but littke IL-4) (Manetti et al., 1993). Conversely, 
purified protein derivative-specific T cell lines which 
normally exhibit a T,,1-like phenotype develop into T40- 
like cell lines if generated in the presence of anti-IL-12 
antibody. In contrast to murine T42 clones (Germann et 
al., 1993; Yanagida et al., 1994), activation of cloned 
humaneT,,2 cells in the presence of 1L-12 resulted in 
conversion to the T40 or Tal phenotype (Manetti et æl., 
1994). 


5.5 EFFECT ON IGE PRODUCTION 


lL-12 markedly inhibits IL-4-stimulated IgE production 
but not pokeweed mitogen-stimulated synthesis of 1gG, 
IgM, or lgA from human PBMC tn vitro (Kiniwa et al., 
1992). The effect of 1L-12 was mediated in part by an 
JFN-y-dependent and in part by an 1FN-y-independent 
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mechanism (Kiniwa et al., 1992). Similar effects have 
now also been demonstrated zm vivo (Finkelman et al., 
1994; Morris et al., 1994; see Section 5.7). IL-12 does 
not inhibit IgE responses by B cells that have already 
switched to membrane IgE expression (Morris et al., 
1994). In addition, administration of IL-I2 can inhibit 
IgE responses in helminth-infected mice during a 
primary but not during a secondary response 
(Finkelman et al., 1994). These results suggest that IL- 
12 can induce a T,,1 response during a primary response 
but is much less effective in reversing established T,,2 


responses. 
Simultaneous administration of IL-12 and the 
hapten-protein conjugate TNP-keyhole limpet 


hemocyanin (KLH) suppressed the production of anti- 
TNP antibodies of the IgGI isotype, which is associated 
with T,,2-type responses (McKnight et al., 1994). In the 
same animals, IL-12 caused a modest increase in the 
levels of anti- [NP antibodies of the IgG2a isotype, 
which is associated with T,,l-type responses (McKnight 
et al, 1994). Thus, under certain circumstances, 
administration of IL-I2 may lead to an increase of 
humoral, as well as cell-mediated, immunity. 


5.6 EFFECT ON HEMATOPOIESIS AND 
LYMPHOID PROGENITOR CELLS 


Although IL-12 alone cannot stimulate murine 
hematopoietic stem and progenitor cells in vitro, 
synergistic colony formation was found when IL-12 was 
combined with other hematopoietic cytokines (Jacobsen 
tev boo ea erioemacher 2 T 1993a,b; Hirayama et 
al., 1994). Using single-cell cloning assays, IL-12 was 
shown to have a direct effect on stem cells (Jacobsen et 
al., 1993; Hirayama et al., 1994). In the presence of 
various cytokines (e.g., stem cell factor (SCF), IL-3, and 
IL-11), IL-12 enhanced formation of myeloid, lympho- 
hematopoietic progenitors (pre-B), megakaryocytic, 
erythroid, and mast cell colonies but not eosinophil 
colonies (Jacobsen et al, 1993; Ploemacher et al., 
1993a,b; Hirayama et al, 1994). The effects of 1L-12 
were not reversed by anti-IFN-y antibodies. Recent data 
have also demonstrated that human IL-12 can synergize 
with SCF and IL-3 to induce formation of mixed, 
erythroid, and myeloid colonies from human progenitor 
cells in peripheral blood and boné marrow (Bellone and 
Tninchieri, 1994). In the presence of NK cells, IL-12 
inhibited formation of hematopoietic colonies through 
the induction of TNF-a and IFN-y, cytokines which 
suppress hematopoietic colony formation (Bellone and 
Trinchieri, 1994). It is possible that the inhibitory 
effects of IL-I2 on murine bone marrow hematopoiesis 
in vivo may be mediated through an NK cell 
mechanism. 

IL-I2 may also influence T cell development in the 
thymus. Addition of IL-12 to fetal thymic organ cultures 


led to a significant reduction in total cell number but 
there was an increase in the number of af 
TCR'CD4 CD8* thymocytes (Godfrey et al., 1994). In 
combination with IL-2 and IL-4, IL-12 stimulated the 
proliferation of isolated CD3°CD4 CD8* and CD3- 
CD4 CD8 thymocytes. In addition, IL-12 plus SCF 
induced proliferation of CD3 CD4 CD8 triple negative 
CD44°CD25° pro-T cells. 


IMMUNOMODULATORY EFFECTS IN 
NORMAL MICE 


The majority of biological activities of IL-12 originally 
elucidated 2” vitro can also be demonstrated 77” vivo. 
Administration of mouse IL-12 to normal mice over 2 
days resulted in enhanced NK activity in the spleen, liver, 
lungs, and peritoneal cavity in a dose-dependent manner. 
Administration of IL-12 also enhanced specific CTL 
responses in mice which were immunized with allogeneic 
splenocytes in the footpads and then given daily 
injections of IL-12, beginning on the day of 
immunization. The lytic activity was mediated by CD8* 
T cells (Gately et al., 1994b). Dose-response studies 
indicated that higher doses of IL-12 were required to 
enhance specific CTL responses than to increase NK lytic 
activity (Gately et al., 1994b). 

IL-I2-treated mice also developed splenomegaly, 
which was shown histologically to be due largely to 
increased extramedullary hematopoiesis (Gately et al., 
1994b). In contrast to this marked extramedullary 
hematopoiesis, IL-12 suppressed hematopoiesis in the 
bone marrow. When mice were allowed to rest for I-2 
weeks without further treatment, the IL-12-induced 
hematological changes reverted to normal or near normal. 

In contrast to the enhancement of cell-mediated 
immunity observed in IL-I2-treated mice, IL-12 tends 
to suppress humoral immunity, particularly IgE 
responses. When mice which had been injected with goat 
anti-mouse IgD antibody (GaM8$) were treated with 
IL-12, the IL-12 suppressed GaM6-induced serum IgG] 
and IgE responses by >98% and IgG2a and IgG3 
responses to a lesser extent (Morris et al., 1994). These 
effects correlated with the ability of IL-12 to promote 
T,I-type cytokine responses (enchanced IFN-y and 
reduced IL-4 and IL-3) and to inhibit T,,2-type 
responses. Unexpectedly, IL-12 also enhanced the 
expression of IL-I0 mRNA in the spleens of both normal 
and GaMo-treated mice. Since IL-10 can inhibit IL-12 
synthesis (D’Andrea et al., 1993), this may represent a 
negative feedback loop through which levels of 
endogenous IL-12 are normally regulated. Treatment of 
the GaMo-injected mice with neutralizing anti-IFN-y 
antibody largely reversed the  IL-12-mediated 
suppression of IgG] synthesis but not of IgE synthesis 
and resulted in enhancement of IgG2a and IgG3 
responses by IL-12. 


ey! 
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5.8 ANTAGONISTIC EFFECTS OF IL-12 
p40 SUBUNIT HOMODIMER 


Disulfide-linked heterodimeric IL-12 is necessary for the 
biological activity since neither the p40 nor the p35 
subunit alone can substitute for IL-12. However, culture 
supernatants containing only murine p40 inhibit the 
biological activity of murine 1L-12 in several in vitro 
assays (Mattner et al., 1993). Although both p40 
monomer and a disulfide-linked p40 homodimer are 
present in such culture supernatants, the p40 homodimer 
is substantially more potent than the monomer in 
inhibiting IL-12 activity (Gately and Brunda, 1994; 
Gillessen eż al., 1994). Purified mouse homodimeric p40 
produced a dose-dependent inhibition of mouse IL-12- 
induced (i) proliferation of mouse Con A blasts, (ii) IFN-y 
secretion by mouse splenocytes, and (iii) activation of 
mouse NK cells. However, mouse p40 homodimer did 
not inhibit human IL-12-induced proliferation of human 
PHA-lymphoblasts, even though mouse IL-12 is equally 
active on human cells. Likewise, a disulfide-linked 
homodimer of human p40 is an antagonist of IL-12 
receptor binding and biological activity on human cells 
(Ling et al., 1994), Lymphoid cells that have been 
e e ee MOD ei oime also produce a 
substantial excess of p40 (D’Andrea et al., 1992; Podlaski 
et al., 1992). At present it is not known whether the 
excess p40 includes p40 homodimer which could act as a 
physiological regulator of IL-12 activity. 


6. IL-12 Receptor 


6.1 EXPRESSION OF IL-12 RECEPTOR 


Using flow cytometry, IL-12 receptors (IL-12R) have 
been detected on resting human NK cells (Desai et al., 
1992) but not on resting human T cells (Desai et æl., 
1992), B cells (Desai et al., 1992), or monocytes (M. 
Gately, unpublished results). IL-12R are upregulated on 
activated CD4* and CD8" T cells (Desai et al., 1992) and 
on activated NK cells (Naume et al., 1993a; Desai et al., 
1992), but not on activated B cells (Desai et al., 1992). 
Several cytokines, including 1L-2 and IL-12 itself, have 
been shown to upregulate expression of the IL-12R 
(Desai et æl., 1992; Naume et al, 1993a). Using 
radiolabeled IL-12, initial equilibrium binding studies 
suggested that activated human T cells displayed a single 
affinity class of IL-12R (Chizzonite et al., 1992). 
However, more detailed analyses using a more 
biologically active and lower radiospecific activity 
preparation of 1L-12 indicated that PHA-activated 
human T-lymphoblasts, a human T cell clone, and a 
human NK-like cell line possess three affinity classes of 
binding sites with apparent dissociation constants of 
5-20 pM, 50-200pM, and 2-6nM, _ respectively 
(Chizzonite et al., 1994; Chua et al., 1994). 


Equilibrium binding studies with '”I-murine IL-12 
on concanavalin A-activated murine splenocytes also 
identified three affinity classes of IL-12 binding sites with 
apparent dissociation constants of 40 pM, 200 pM, and 
7 nM (Chizzonite et al., 1993). High- or low-affinity I- 
IL-12 binding sites were not detected on unactivated 
splenocytes on mouse B cell, fibroblast, or macrophage 
cell lines (Chizzonite et al., 1993). 


6.2 STRUCTURE OF [L-12 RECEPTOR 
ON HUMAN AND MURINE 
LYMPHOBLASTS 


Affinity cross-linking of surface-bound *I-1L-12 to 
activated human lymphoblasts identified a major complex 
of ~210-280 kDa, suggesting that IL-12 was bound to 
one or more protein(s) of aggregate size of 140-210 kDa 
(Chizzonite et al, 1992). Anti-IL-12 antibodies also 
immunoprecipitated a complex of 210-280 kDa that was 
produced by cross-linking unlabeled IL-12 to I- 
labeled lymphoblast surface proteins (Chizzonite et al., 
1992). Cleavage of this complex with reducing agent Awe 
analysis by SDS-PAGE identified a 110kDa 1L-12- 
binding protein. An 85 kDa protein also coprecipitated 
with the IL-12-110kDa protein complex, but it is not 
known whether the association was specific or 
nonspecific. Affinity cross-linking studies also demon- 
strated that '°I-IL-12 was bound in a complex of 
210-280 kDa on the surface of murine activated 
splenocytes, similar to the complex identified from 
human lymphoblasts (Chizzonite et al., 1993). These 
data suggested that the IL-12R is composed of at least 
two subunits: a ~110 kDa 1L-12 binding protein and an 
additional protein. 


6.3 STRUCTURE OF AN IL-12 
RECEPTOR COMPONENT 


Using a nonneutralizing monoclonal antibody raised 
against the human IL-12 receptor complex on PHA- 
blasts, a cDNA encoding an IL-12 receptor subunit was 
isolated by expression cloning (Chua et al., 1994). This 
receptor subunit is a 662-amino acid type I trans- 
membrane protein, with an extracellular domain of 516 
amino acids and a cytoplasmic tail of 91 amino acids 
(Figure 12.6). The protein sequence as deduced from the 
cDNA predicts six N-linked glycosylation sites within the 
extracellular domain. When expressed in COS cells, the 
receptor size is approximately 100 kDa. It is a member of 
the cytokine receptor superfamily of proteins and is most 
closely related to gp130 and the receptors for LIF and G- 
CSF. When expressed in COS cells, this IL-12 receptor 
subunit binds the IL-12 ligand only with low affinity 
(2-5 nM). The low-affinity binding on COS cells is 
mediated by receptor dimers or oligomers; however, their 
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Figure 12.6 Schematic outline of the structure of the human low-affinity IL-12 receptor 8, subunit (IL-1 2R8,). Signal 
peptide is shown shaded. The two pairs of disulfide bonds and the WSXWS motif conserved among the cytokine 
receptor superfamily members are shown. The fibronectin type Ill repeats in the extracellular domain are listed. 
O— (Asn-#) indicates the predicted N-linked glycosylation sites. The locations of the cytoplasmic box 1 and 2 motifs 
are shown. 


formation is not IL-12 dependent. Receptor monomers 
on COS cells do not bind IL-I2 with a measurable 
affinity. The rather short cytoplasmic tail of the receptor 
shows the box 1 and box 2 motifs (Figure 12.6) that are 
also found in other signaling members of the receptor 
superfamily (Murakami et al., 1991). Thus, this cloned 
IL-12 receptor component appears to be a B-type 
receptor subunit (Stahl and Yancopoulos, 1993). There is 
experimental support for the notion that it is indeed 
involved in IL-12 signaling: polyclonal antibodies raised 
against the receptor protein specifically inhibit the 1L-12- 
induced proliferation of PHA-blasts (Chua et al., 1994). 
More recent work has identified a second IL-12 receptor 
chain. This IL-12 receptor subunit is also a member of the 
cytokine receptor superfamily of proteins and within that 
family is most closely related to gp130. The two known 
IL-12 receptor subunits are now classified as IL-12RB, 
(previously IL-12RB) and IL-12RB, (newly identified 


subunit). Coexpression of IL-12RB, and B, leads to the 
formation of a functional, high-affinity IL-12 receptor 
complex (Gubler and Presky, 1996). 


6.4 INTERACTION BETWEEN IL-12 
SUBUNITS AND IL-12 RECEPTOR 


Anti-p40 subunit specific antibodies and p40 homodimer 
block *°I-IL-12 binding to both high- and low-affinity 
IL-12 receptors on human and mouse lymphoblasts 
(Gately et al., 1994, Chizzonite et al., 1991, 1994) and 
to low-affinity recombinant receptor expressed in COS 
cells (Chizzonite et al., 1994; Gillessen et al., 1994). 
However, 20C2, an anti-human 1L-12 monoclonal 
antibody (mAb) that binds to an epitope composed of 
both the p35 and p40 IL-12 subunits, blocks '°1-IL-12 
binding to the high-affinity receptor but not the 
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low-affinity receptor on human lymphoblasts (Chizzonite 
et al., 1994; Gillessen et al., 1994). In addition, mAb 
20C2 does not block IL-12 binding to recombinant 
IL-12 receptor expressed on COS cells. A combination of 
the anti-p40 reagents (either anti-p40 antibody or p40 
homodimer) and mAb 20C2 is synergistic at inhibiting 
human IL-12-induced proliferation of human 
lymphoblasts. These data suggest that (i) the p40 subunit 
is responsible for IL-12 binding to its receptor and (ii) the 
p35 subunit is required for signaling. 


6.5 IL-12 RECEPTOR SIGNALING 


Thus far, only a few reports investigating IL-12 signaling 
events have appeared in the literature. In mitogen- 
activated human T cells, but not in resting T cells, IL-12 
induces rapid tyrosine phosphorylation of a 44 kDa 
protein. This protein is a member of the MAP kinase 
family. The IL-12 induced increase in phosphorylation of 
this MAP kinase was shown to result in enhanced kinase 
activity (Pignata et al., 1994). In purified NK cells, IL-12 
induced rapid phosphorylation and enhanced 
autophosphorylation activity of p56“ (Pignata et al., 
1993). In PHA-activated lymphoblasts, IL-12 was 
reported to induce the phosphorylation of JAK2 and 
TYK2 (Bacon et al, 1995a) and of STAT3 and STAT4 
(Bacon et al., 1995b; Jacobson et al., 1995). 


7. Clinical Implications 


7.1 ACTIVITY IN INFECTIOUS DISEASE 
MODELS 


IL-12 has been shown to have therapeutic effects in 
several murine models of infectious disease caused by 
intracellular pathogens. The initial observation that IL- 
12 might be therapeutically useful was demonstrated in a 
murine leishmaniasis model (Heinzel et al., 1993; Sypek 
et al., 1993). Previously it had been shown that different 
strains of mice varied in their susceptibility to infection by 
Leishmania major (Heinzel et al., 1989). Some strains, 
such as C57BL/6, generate a predominantly T,,1-type 
cytokine response to infection and resolve the infection, 
while others, such as BALB/c, form a predominantly 
T,,2-type cytokine response and succumb to infection. 
Administration of IL-12 to Letshmanta-infected 
BALB/c mice during the first week after infection 
resulted in a substantial reduction of the parasite burden 
amd cure (Heinz et al, 19939 Sypekwermal., 1993). 
Furthermore, mice that had been cured of Leishmania 
major infection by IL-12 were immune to reinfection 
emel ee 790993). 1L-]2snrduced® resistance “to 
infection was correlated with decreased production of 
IL-4 by draining lymph node cells cultured with 


Leishmania antigen and preserved or increased 


production of IFN-y, "ie. a shift from a T,,2-type 
cytokine response to a T,,I-type response. The curative 
effect of IL-12 in this model could be abolished by 
simultaneous administration of neutralizing anti-[FN-y 
antibody (Heinzel et al., 1993), although comparable 
curative effect could not be achieved by administration of 
recombinant IFN-y (Sadick et æl., 1990). 

IL-12 was also found to inhibit both primary and 
secondary pulmonary granuloma formation induced by 
Schistosoma mansoni eggs. The mechanism of this 
inhibition was shown to involve an IL-12-induced shift 
from a predominantly T,,2-type cytokine response to a 
T,1-type response in the primary granulomas or to a 
T,0-type response in the secondary granulomas (Wynn 
et al., 1994). In addition to promoting resistance to 
infectious agents by enhancing T,,1-type responses, IL- 
I2 has been shown to increase resistance to intracellular 
pathogens by a T cell-independent mechanism involving 
IL-12-induced IFN-y production by NK cells followed 
by IFN-y-mediated activation of macrophages to display 
enhanced microbicidal activity (Gazzinelli et æl., 1993; 
Tripp et al., 1993). Thus in T and B cell-deficient SCID 
mice infected with Toxoplasma gondii, treatment with IL- 
I2 significantly prolonged survival by a mechanism 
dependent on NK cells and IFN-y (Gazzinelli et al., 
1993). IL-12 treatment has also been shown to protect 
normal mice against acute infection with a lethal dose of 
Toxoplasma gondii (Khan et al., 1994) and to reduce the 
bioburden in the brains and livers of mice infected with 
Cryptococcus neoformans (Clemons et al., 1994). In the 
Cryptococcus infection model, IL-12 was also shown to 
synergize with the antifungal agent fluconazole in 
reducing infection (Clemons et al., 1994). 

Studies using neutralizing anti-IL-12 antibodies have 
indicated that IL-12 produced endogenously in response 
to infection plays an important role in the host defense 
against infection by intracellular pathogens. Administra- 
tion of anti-IL-12 to Leishmanza-infected but normally 
resistant C57BL/6 mice exacerbated infection (Sypek et 
al., 1993), and giving anti-IL-12 to mice injected with 
Schistosoma mansoni eggs led to a dramatic increase in the 
size of egg-induced pulmonary granulomas (Wynn et æl., 
1994). In both these models, the effects of anti-IL-12 
correlated with a shift from a predominantly T,,1-type 
cytokine response to a 1T,,2-type response. In either 
normal or SCID mice infected with a sublethal dose of 
Listeria monocytogenes, injection of anti-IL-12 resulted in 
increased Listeria burden in the spleen, decreased 
macrophage I-A expression, and death of the mice; 
administration of IFN-y together with the anti-IL-12 
reversed all of these effects (Tripp et al, 1994). 
Administering anti-I[L-12 to normal mice infected with 
Toxoplasma gondi at the LD, was also shown to 
decrease survival if the antibody was given at the time of 
infection (Khan et al., 1994). Thus, endogenous IL-12 
appears to play an essential role in the host defense 
against a variety of intracellular pathogens in murine 
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models. Consistent with this observation, IL-I2 levels 
were significantly higher in pleural fluids from human 
patients with tuberculous pleuritis than in serum from 
the same patients or in malignant pleural effusions 
(Zhang, et al., 1994). In addition, anti-I[L-12 antibody 
partially suppressed the proliferation of pleural fluid 
mononuclear cells induced 7 vitro by Microbacteria 
tuberculosis (Zhang et al., 1994). These results suggest 
that 1L-12 may play a role in the immune response to M. 
tuberculosis infection in man. 

The therapeutic effects of 1L-12 in Toxoplasma- 
infected SCID mice suggested that IL-12 might have 
utility in treating opportunistic infections in patients 
lacking normal T cell function, including HIV-infected 
patients. The possible use of IL-12 in HIV-infected 
patients is also supported by the observations that (1) 
PBMC from HIV-infected patients are deficient in their 
ability to produce IL-12 im vitro but produce normal or 
elevated levels of IL-1, TNF, and 1L-6 (Chehimi et al., 
1994); (ii) PBMC from HIV-infected patients can 
respond to IL-12 in assays of IL-I2-induced IFN-y 
secretion and enhancement of NK lytic activity (Chehimi 
et al., 1992); and (iii) IL-12 restored the ability of PBMC 
from HIV-infected patients to secrete IL-2 and 
proliferate in response to a variety of stimuli, including a 
pool of Env peptides (Clericimes ai, 1993). The 
observation that PBMC from HIV-infected patients are 
deficient in their ability to produce IL-12 but can 
respond to it suggests that endogenous 1L-12 appears to 
play an essential role in the host defense against infection 
by a number of intracellular pathogens. The observation 
that administration of 1L-12 can have therapeutic, effects 
against such pathogens in T cell-deficient mice provides a 
compelling rationale for testing the possible therapeutic 
effects of IL-12 in HIV-associated opportunistic 
infections. The possibility that 1L-12, through its effects 
in promoting T,,l1-mediated immunity, might slow the 
course of HIV infection is more speculative. 

ln some infectious disease models, IL-12 has shown 
detrimental rather than beneficial effects. ln mice 
infected with lymphocytic choriomeningitis virus 
(LCMV), administration of low doses of IL-12 (1- 
10 ng/day) caused a small but significant decrease in the 
splenic and renal LCMV titers, whereas treatment with a 
high dose of IL-12 (1 ug/day) resulted in approximately 
a 2 log increase in viral titers as compared to untreated 
controls (Orange et al., 1994). The adverse effects of 
high-dose IL-12 in this model were associated with the 
disappearance of CD8* T cells from the spleen, blood, 
and lymph nodes of 1L-12-treated mice and with 
enhanced serum ]FN-y and TNE levels. These adverse 
effects were not seen in mice infected with murine 
cytomegalovirus and treated with 1L-12 (Orange et al., 
1994). In at least some nematode infections, T,,2-type 
cytokine responses may be protective while T,,1-type 
responses are detrimental. Consistent with this, 
administration of 1L-12 to mice infected with 


Nippostrongylus brasiliensis enhanced adult worm survival 
of the mice and egg production if given during a primary 
infection, but survival was only enhanced if IL-12 was 
given for the first time during a secondary infection 
(Finkelman et al., 1994). This correlated with the ability 
of IL-12 to shift the cytokine profile from a T,,2-like to a 
T,,1-like response if given during the primary infection 
and to a T,,0-like response if given only during the 
secondary infection. The ability of 1L-12 to enhance 
worm survival and fecundity was IFN-y dependent 
(Finkelman et al., 1994). 

An additional use of IL-12 in infectious diseases, and 
potentially also in oncolagy, is its use as a vaccine 
adjuvant. This was first suggested by studies in the 
murine leishmaniasis model in which susceptible 
BALB/c mice that had been immunized with soluble 
Leishmania antigen (SLA) plus 1L-12 were protected 
against a subsequent infection with Leishmania major, 
whereas mice immunized with SLA alone were not 
(Afonso et al., 1994). Protection was correlated with the 
development of a T,,1-type cytokine response which was 
dependent on both NK cells and 1FN-y (Afonso et al., 
1994). However, immunization with SLA plus IFN-y 
resulted in only partial protection (Scott, 1991). The 
potential utility of IL-12 as a vaccine adjuvant is also 
suggested by studies in the murine schistosomiasis model 
in which mice were immunized with schistosome eggs 
with and without IL-I2 (Wynn et al., 1994). Mice that 
received IL-12 were almost completely protected from 
pulmonary granulomatous responses following 
intravenous challenge with schistosome eggs, and this 
was correlated with enhanced production of 1FN-y and 
decreased production of IL-4, IL-5, and IL-13, as 
assessed by measurement of cytokine mRNA levels in 
lung tissue. 


7.2 ANTIMETASTATIC AND ANTITUMOR 
EFFECTS IN MICE 


As noted above, administration of IL-12 to normal mice 
can promote T,,1-type cytokine responses, increase the 
lytic activity of NK/LAK cells, augment specific CTL 
responses, induce the production of 1FN-y, and enhance 
macrophage tumoricidal activity. Given these actions, it is 
not surprising that 1L-12 has been found to exert potent 
antimetastatic and antitumor effects in a number of 
murine tumor models. 


7.2.1 Activity in Animal Models 


The antimetastatic effects of JL-12 were first 
demonstrated in an experimental pulmonary metastasis 
model using B16F10 melanoma cells (Brunda et al., 
1993a). Treatment with IL-12 beginning on one day 
after intravenous injection of melanoma cells resulted in 
dose-dependent inhibition of the number of pulmonary 
metastases. In this model, a substantial antimetastatic 


effect could be seen even when the initiation of 1L-12 
treatment was delayed until day 7 after tumor cell 
injection. Similar results were observed in an MC-38 
experimental pulmonary metastasis model in which 
treatment with IL-12 was begun on day 10 after 
injection of tumor cells (Nastala et al., 1994). Treatment 
with IL-12 also reduced the number of experimental 
hepatic metastases of M5076 reticulum cell sarcoma, 
resulting in increased survival (Brunda et al., 1993a). In 
addition to its efficacy in experimental metastasis models, 
IL-12 has been shown to inhibit spontaneous hepatic 
metastases of M5076 reticulum cell sarcoma (Gately et 
al., 1994a) and spontaneous pulmonary metastases of 
Lewis lung carcinoma (Stern et al., 1994). In the hepatic 
metastasis model, 1L-12 was effective when treatment 
was initiated at day 28 following subcutaneous injection 
of tumor cells, indicating that it could inhibit established 
micrometastases (Brunda et al., 1993a). 

IL-12 has also been shown to exert potent antitumor 
effects against a number of established, subcutaneous 
tumors of a variety of types including B16F10 
melanoma, Renca renal adenocarcinoma, M5076 
reticulum cell sarcoma, MCA-105 and MCA-207 
sarcomas, Lewis lung carcinoma, and MC-38 colon 
adenocarcinoma (Brunda et al., 1993a; O'Toole et al., 
1993; Brunda, 1994; Brunda and Gately, 1994; Gately et 
al., 1994a; Nastala et al., 1994; Stern et al., 1994). The 
antitumor effects of IL-12 were initially demonstrated in 
the B16FIO melanoma model in which administration of 
IL-12 daily, five days per week, beginning 7 or 14 days 
after tumor cell inoculation, resulted in dose-dependent 
inhibition of tumor growth and increased length of 
survival (Brunda et al, 1993a). However, complete 
regressions were not observed in this model, and tumor 
growth resumed rapidly when IL-12 therapy was 
discontinued. In other tumor models, including Renca 
renal carcinoma, MCA-105 and MCA-207 sarcomas, 
and MC-38 colon adenocarcinoma, complete regressions 
have been observed following peritumoral or systemic 
administration of 1L-12 (Brunda et al., 1993a,b; Gately 
and Brunda, 1994; Nastala et al., 1994). 


7.2.2 Mechanism of Action 


The mechanism by which IL-12 exerts its antitumor 
effects is not fully understood and may vary with the 
tumor type and location. 1L-12 has not been found to 
have any direct antiproliferative activity on tumor lines 77 
vitro and, thus, it is likely that the antitumor effects of IL- 
12 are mediated through its actions on cells of the 
immune system. IL-12 displayed full antitumor activity 
in NK-deficient beige mice inoculated with BI16F10 
melanoma cells and in Renca or MCA-207 tumor- 
bearing mice that had been depleted of NK cells by 
treatment with anti-asialo-GM1]1 antibody (Brunda et al., 
1993a; Natala et al., 1994), suggesting that NK cells do 
not constitute an essential component of the mechanism 
by which IL-12 exerts its antitumor effects in these three 
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tumor models. However, in both the BI6F10 and Renca 
models the antitumor efficacy of IL-12 was substantially 
reduced in T cell-deficient nude mice, indicating that T 
cells play a critical role in mediating the antitumor 
activity of 1L-12 against these tumors (Brunda et al., 
1993a). IFN-y plays an important role in mediating the 
antitumor effects of IL-I2@(Natala et al, 1994). 
Treatment of mice with neutralizing anti-1FN-y antibody 
significantly reduced the antitumor activity of IL-12 in 
the MC-38 colon carcinoma (Natala et al., 1994). 
However, it appears that the antitumor activity of IL-12 
is not due solely to the direct effects of 1L-12-induced 
IFN-y on tumor cells, since administration of 1L-12 to 
normal or tumor-bearing nude mice resulted in serum 
IFN-y levels approximately 8-fold higher than in 
euthymic controls (M.J. Brunda et al., personal 
communication). Thus induction of 1FN-y is necessary 
but not sufficient for the antitumor action of IL-12. 
Furthermore, administration of recombinant mouse 
IFN-y at the maximum nonlethal dose to Renca tumor- 
bearing mice did not result in antitumor effects 
comparable to those achieved with 1L-12 therapy (M.J. 
Brunda et al., personal communication). It may be that 
sustained local production of LEN-y induced by IL-12 is 
much more effective in achieving antitumor effects than 
periodic administration of high doses of IFN-y 
systemically, or IL-12 may exert antitumor effects 
through the combination of inducing IFN-y and exerting 
other actions that are not mimicked by administration of 
1EN-y alone. Possible mechanisms by which 1FN-y may 
contribute to the antitumor effects of 1L-12 include 
activation of macrophages and enhancement of T cell- 
mediated immunity, either via direct effects on T cells or 
via upregulation of antigen expression by tumor cells. 
Both macrophages (Brunda and Gately, 1994; Tahara et 
al., 1994) and CD8* T cells (Nastala et al., 1994) have 
been reported to infiltrate tumors in mice treated with 
IE-12Z. 


7.3 PHARMACOKINETIC AND 
TOXICOLOGICAL PROPERTIES 


The pharmacokinetic properties of human 1L-12 have 
been examined in both rats and rhesus monkeys (Gately 
et al., 1994a). Following intravenous bolus injection of 
1L-12 (50 ug/kg), to Sprague-Dawley rats, the majority 
(95%) of the IL-12 was eliminated from the serum with a 
half-life of 2.7 h. When human IL-12 (42.5 ug/kg) was 
administered to rhesus monkeys by 40-min intravenous 
infusion, the mean elimination serum half-life was 14 h. 
In rhesus monkeys given 1L-12 by the subcutaneous 
route, the bioavailability was 17-29%. Thus, compared to 
cytokines such as IFN-a@ (Wills and Spiegel, 1985) and 
IL-2 (Gustavson et al., 1989), IL-12 has a relatively long 
serum half-life. On the other hand, the bioavailability of 
IL-12 is low in comparison to that of LFN-a (Wills et æl., 
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1984). These properties may reflect its high molecular 
mass in comparison to other cytokines and suggest that 
less frequent dosing compared to cytokines with lower 
molecular masses (e.g., INF-a and 1L-2) may be 
possible. 

Studies to define the toxicities which may be 
associated with IL-12 therapy have been performed in 
normal and tumor-bearing mice and primates. The 
primary toxicities observed in normal mice treated with 
murine IL-12 (doses of 0.1-l10ug/day for up to 2 
weeks) were hematological toxicities, hepatotoxicity, and 
skeletal muscle degeneration (Gately et æl., 1994a; 
Lipman et al., 1994). Daily administration of 1 ug of 1L- 
12 for 7 days led to severe anemia with red blood cell 
counts dropping by ~50%. Both lymphopenia and 
neutropenia were also observed and were probably 
related to margination of leukocytes onto vascular 
endothelium and migration into tissues such as the liver. 
A mild thrombocytopenia was seen but was not 
associated with any bleeding tendencies. Histological 
studies showed that the splenomegaly resulting from IL- 
12 administration was largely due to extensive 
extramedullary hematopoiesis involving the erythroid, 
myeloid, and megakaryocytic lineages. On the other 
hand, the bone marrow was hypoplastic, with a loss of 
mature neutrophils and of red blood cell precursors. 
Histological examination of livers of mice receiving high 
doses of 1L-12 revealed marked Kupffer cell hyperplasia 
and mononuclear cell infiltrates in the hepatic 
parenchyma. Flow cytometry studies indicated that these 
infiltrates are composed predominantly of macrophages, 
NK cells, and CD8* T cells (Gately et al, 1994b). 
Lymphoid infiltrates in the liver were initially associated 
with occasional necrosis of isolated hepatocytes, but with 
continued administration of high doses of 1L-12 this 
progressed to areas of coagulative necrosis with marked 
elevation of serum transaminases. Muscle toxicity from 
an unknown mechanism was seen in mice receiving 1L- 
12 at doses of 1 to 10 Ug/day and was characterized by 
visibly white muscle at necropsy, muscle necrosis and 
calcification, and elevations of serum muscle enzymes 
beginning after about 5 days of treatment. Normal mice 
given high doses of IL-12 displayed ascites and pleural 
effusions, but in contrast to prior studies with IL-2 
(Gately et al., 1988), no pulmonary edema was observed 
and there was minimal or no lymphoid infiltration into 
the lung. T 

An initial evaluation of the toxicological profile of 1L- 
12 in primates was performed in squirrel monkeys 
( Saimiri sciureus) (Gately et al., 1994a; Sarmiento et al., 
1994). Monkeys received daily subcutaneous injections 
of IL-12 at doses ranging from 0.1 to 50 ug/kg per day 
for 14 days. The major dose-related findings were mild 
temperature elevation, mild to moderate anemia, 
leukocytosis, hypoproteinemia, hypoalbuminemia, hypo- 
phosphatemia, hypocalcemia, generalized lymph node 
enlargement and splenomegaly, and, at the highest dose 





only, vascular leak. No hepatotoxicity or muscle 
degeneration was observed. Histopathology demon- 
strated dose-dependent thymic cortical atrophy, splenic 
lymphoid hyperplasia with histiocytosis and extra- 
medullary hematopoiesis of the red pulp, hepatic Kupffer 
cell hypertrophy and hyperplasia, trilineage bone marrow 
hyperplasia, and reactive hyperplasia of the lymph nodes. 
Monkeys receiving IL-12 at doses of 0.1 or 1 ug/kg did 
not display any signs of toxicity, although IL-12 caused 
increased LAK activity and lectin-dependent cytotoxicity 
at these doses (Gately et al., 1994a; Sarmiento et æl., 
1994). 

Besides the toxicities described above, there are 
additional concerns which apply, to the use of IL-12 in 
cases of sepsis or autoimmune disease. Recent data 
suggest that IL-12 may play a role in the pathogenesis of 
septic shock. In a recent study in the generalized 
Shwartzman reaction in mice, the results suggest that 
endotoxin induces production of IL-12, which in turn 
stimulates the secretion of 1FN-y, resulting in priming of 
macrophages and other cell types for a lethal response to 
the endotoxin challenge (Ozmen et al, 1994). In 
another recent study, injection of anti-I[L-12 antibodies 
resulted in a significant reduction in the levels of serum 
IFN-y observed following intraperitoneal injection of 
endotoxin (Heinzel et al., 1994). Thus, 1L-12 produced 
in response to endotoxin appears to regulate the 
production of 1FN-y, a cytokine believed to play an 
important role in endotoxin-induced pathology 
(Doherty et al., 1992). These results suggest that IL-12 
should not be used in the case of sepsis. 

Overall, toxicological results to date suggest no major 
toxicities that would preclude the use of 1L-12 in man for 
the treatment of malignancies. In the squirrel monkey 
studies, evidence of immunomodulatory activity was 
observed at a dose of IL-12 (0.1 ug/kg per day) that was 
500-fold below the dose of IL-12 associated with severe 
toxicity. Clinical studies will determine whether these 
results will translate into an acceptable therapeutic index 
in man. 


8. References 


Afonso, L.C.C., Scharton, T.M., Vieira, L.Q., Wysocka, M., 
Trinchieri, G. and Scott, P. (1994). The adjuvant effect of 
interleukin-12 in a vaccine against Leishmania major. Science 
263, 235-237. 

Andrews, J.V.R., Schoof, D.D., Bertagnolli, M.M., Peoples, 
G.E., Goedegebuure, PS. and Eberlein, T.J. (1993). 
Immunomodulatory effects of interleukin-12 on human 
tumor-infiltrating lymphocytes. J. Immunother. 14, 1-10. 

Bacon, C.M., McVicar, D.W., Ortaldo, J.R., Rees, R.C., 
O’Shea, J.J. and Johnston, J.A. (1995a). IL-I2 induces 
tyrosine phosphorylation of JAK2 and TYK2: differential use 
of Janus family kinases by IL-2 and IL-12. J. Exp. Med. 181, 
399—404. 


INTERLEUKIN-12 199 





Bacon, C.M., Petricoin, E.F., Ortaldo, J.R., et al. (1995b). IL- 
12 induces tyrosine phosphorylation and activation of STAT4 
in human lymphocytes. Proc. Natl Acad. Sci. USA 92, 
7307-7311. 

Bellone, G. and Trinchieri, G. (1994). Dual stimulatory and 
inhibitory effect of NK cell stimulatory factor/IL-12 on 
human hematopoiesis. J. Immunol. 153, 930-937. 

Bertagnolli, M.M., Lin, B.-Y., Young, D. and Hermann, S.H. 

4(1992). 1L-12 augments antigen-dependent proliferation of 
activated T lymphocytes. J. Immunol. 149, 3778-3783. 

Bonnema, J.D., Rivlin, KA, Ting, A.T., Schoon; RA., 
Abraham, R.T. and Leibson, P.J. (1994). Cytokine-enhanced 
NK cell-mediated cytotoxicity. Positive modulatory effects of 
IL-2 and IL-12 on stimulus-dependent granule exocytosis. J. 
Immunol. 152, 2098-2104. 

Brunda, M.J. (1994). Interleukin-12. J. Leukocyte Biol. 55, 
280-288. 

Brunda, M.J. and Gately, M.K. (1994). Antitumor activity of 
interleukin-12. Clin. Immunol. Immunopathol. 71, 
253-255. 

Brunda, M.J. and Rosenbaum, D. (1984). Modulation of 
murine natural killer cell activity in vitro and in vivo by 
recombinant human interferons. Cancer Res. 44, 597-601. 

Brunda, MJ. Luistro, L., Warrier, R., Hubbard, B., Wolf, S.F. 
and Gately, M.K. (1993b). Antitumor activity of interleukin- 
12 (IL-12). Proc. Am. Assoc. Cancer Res. 34, 464. [Abstract ] 

Banda MJ., Luistro, L., Warrier, RR, e¢ al. (1993a). 
Antitumor and antimetastatic activity of interleukin-12 
against murine tumors. J. Exp. Med. 178, 1223-1230. 

Brunda, M.J., Luistro, L., Hendrzak, J.A., Fountoulakis, M., 
Garotta, G. and Gately, M.K. (1994). Interleukin-I2: biology 
and preclinical studies of a new anti-tumor cytokine. In “The 
Biology of Renal Cell Carcinoma” (ed. R.M. Bukowski). [1n 
press] 

Brunda, M.J., Luistro, L., Hendrzak, J.A., Fountoulakis, M., 
Garotta, G. and Gately, MIK. (1995). Interferon gamma is 
necessary but not sufficient to mediate the antitumor effect of 
interleukin-12. J. Immunother. 17, 71-77. 

Caput, D., Beutler, B., Hartog, K., Thayer, R., Brown-Shimer, 
S. and Cerami, A. (1986). Identification of a common 
nucleotide sequence in the 3’ untranslated region of mRNA 
molecules specifying inflammatory mediators. Proc. Natl 
Acad. Sci. USA 83, 1670-1674. 

Cesano, A., Visonneau, S., Clark, S.-C. and Santoli, D. (1993). 
Cellular and molecular mechanisms of activation of MHC 
nonrestricted cytotoxic cells by IL-12. J. Immunol. 151, 
2943-2957. 

Chan, $.H., Perussia, B., Gupta, J.W., et a/. (1991). Induction 
of interferon y production by natural killer cell stimulatory 
factor: characterization of the responder cells and synergy 
with other inducers. J. Exp. Med. 173, 869-879. 

Chan, S.H., Kobayashi, M., Santoli, D., Perussia, B. and 
Trinchieri, G. (1992). Mechanisms of IFN-y induction by 
natural killer cell stimulatory factor (NKSF/IL-12). Role of 
transcription and mRNA stability in the synergistic interaction 
between NKSF and IL-2. J. Immunol. 148, 92-98. 

Chehimi, J., Starr, S.E., Frank, 1., et al. (1992). Natural killer 
(NK) cell stimulatory factor increases the cytotoxic activity of 
NK cells from both healthy donors and human 
immunodeficiency virus-infected patients. J. Exp. Med. 175, 
789-796. 

Chehimi, J., Valiante, N.M., D’Andrea, A., et al. (1993). 
Enhancing effect of natural killer cell stimulatory factor 


(NKSF/interleukin-12) on cell-mediated cytotoxicity against 
tumor-derived and virus-infected cells. Eur. J. Immunol. 23, 
1826-1830. 

Chehimi, J., Starr, SE., Frank, I, et al (1994). Impaired 
interleukin 12 production in human immunodeficiency virus- 
infected patients. J. Exp. Med. 179, 1361-1366. 

Chizzonite Ree Truitt, T, Desai, B.B., ct aio le 12 
receptor. 1. Characterization of the receptor on 
phytohemagglutinin-activated human lymphoblasts. J. 
Immunol. 148, 3117-3124. 

ChizzoniteywR:, Truitt, T.jeGriffinyeMs, ct-a@ie(1993). Initial 
characterization of the IL-12 (IL-12R) on 
concanavalin-A activated mouse Cell. 
Biochem. 178, 73. [ Abstract ] 

Chizzonite, R, Truitt, 1 Nunes, P etal (1994) en and 
low affinity receptors for Interleukin-12 (IL-12) on human 
T cells: evidence for a two subunit receptor by IL-12 and 
anti-receptor antibody binding. Cytokine 6, A82a. 
[Abstract] 

Chua, A.O." Chizzonite, R Desai, BBS a A i O 
Expression cloning of a human IL-12 receptor component: a 
new member of the cytokine receptor superfamily with strong 
homology to gp130. J. Immunol. 153, 128-136. 

Clemons, "KV. Brummer, “Emeand Stevens, D Ame O04), 
Cytokine treatment of central nervous system infection: 
efficacy of interleukin-12 alone and synergy with conventional 
antifungal therapy in experimental cryptococcosis. 
Antimicrob. Agents Chemother. 38, 460-464. 

Clerici, M., Lucey, D.R, Berzofsky, J.A., et al. (1993). 
Restoration of HIV-specific cell-mediated immune responses 
by interleukin-12 i” vztro. Science 262, 1721-1724. 

D’Andrea, A., Rengaraju, M., Valiante, N.M., et al. (1992). 
Production of natural killer cell stimulatory factor 
(interleukin-12) by peripheral blood mononuclear cells. J. 
Exp. Med. 176Pl887=1398 

D’Andrea, A., Aste-Amezaga, M., Valiante, N.M., Ma, X., 
Kubin, M. and Trinchieri, G. (1993). Interleukin 10 (IL-10) 
inhibits human lymphocyte interferon y production by 
suppressing natural killer cell stimulatory factor/IL-12 
synthesis in accessory cells. J. Exp. Med. 178, 1041-1048. 

Desai, B.B. Quinn, P.M., Wolitzky, A.G., Monsin EIA., 
Chizzonite, R and Gately, M.K. (1992), IL-12 receptor. II. 
Distribution and regulation of receptor expression. J. 
Immunol. 148, 3125-3132. 

de Waal Malefyt, R., Figdor, C.G., Huijbens, R., et al. (1993). 
Effects of IL-13 on phenotype, cytokine production, and 
cytotoxic function of human monocytes. Comparison with 
IL-4 and modulation by IFN-y or IL-10. J. Immunol. 151, 
6370-6381. 

Doherty, G.M., Lange, J.R., Langstein, H.N., Alexander, H.R, 
Buresh, C.M. and Norton, J.A. (1992). Evidence for IFN-y 
as a mediator of the lethality of endotoxin and tumor necrosis 
factor-a. J. Immunol. 149, 1666-1670. 

Doherty, T.M., Kastelein, R, Menon, S., Andrade, S. and 
Coffman, R.L. (1993). Modulation of murine macrophage 
function by IL-13. J. Immunol. 151, 7151-7160. 

Finkelman, F.D., Madden, K.B., Cheever, A.W., et al. (1994). 
Effects of interleukin 12 on immune responses and host 
protection in mice infected with intestinal nematode 
parasites. J. Exp. Med. 179, 1563-1572. 

Gately, M.K. (1993). Interleukin-12: a recently discovered 
cytokine with potential for enhancing cell-mediated immune 
responses to tumors. Cancer Invest. 11, 500-506. 


receptor 
splenocytes. J. 


200 R. CHIZZONITE, U. GUBLER, J. MAGRAM AND A.S. STERN 


a aaa a n IU 


Gately, M.K. and Brunda, M.J. (1994). Interleukin-12: a pivotal 
regulator of cell-mediated immunity. In “Cytokines: 
Interleukins and Their Receptors” (eds. R. Kurzrock and M. 
Talpaz). Kluwer Academic, Norwell, MA. [1n press] 

Gately, M.K. and Chizzonite, R. (1992). Measurement of 
human and mouse interleukin 12. In “Current Protocols in 
Immunology”, vol. 1 (eds. J.E. Coligan, A.M. Kruisbeek, 
D.H. Margulies, E.M. Shevach and W. Strober), pp. 
6.16.1.-6.16.8. 

Gately, M.K., Anderson, T.D. and Hayes, T.J. (1988). Role of 
asialo-GM1-positive lymphoid cells in mediating the toxic 
effects of recombinant IL-2 in mice. J. Immunol. 141, 
189-200. 

Gately, M.K, Desai, B.B., Wolitzky, A.G., et al. (1991). 
Regulation of human lymphocyte proliferation by a 
heterodimeric cytokine, IL-12 (cytotoxic lymphocyte 
maturation factor). J. Immunol. 147, 874-882. 

Gately, M.K., Wolitzky, A.G., Quinn, P.M. and Chizzonite, R. 
(1992). Regulation of human cytolytic lymphocyte responses 
by interleukin-12. Cell. Immunol. 143, 127-142. 

Gately, M.K., Gubler, U., Brunda, M.J., et al. (1994a). 
Interleukin-12: a cytokine with therapeutic potential in 
oncology and infectious diseases. Ther. Immunol. 1, 187-196. 

Gately, M.K., Warrier, R.R., Honasoge, S., et al. (1994b). 
Administration of recombinant IL-12 to normal mice 
enhances cytolytic lymphocyte activity and induces 
production of IFN-y zm vivo. Int. Immunol. 6, 157-167. 

Gazzinelli, R.T., Heiny, S., Wynn, T.A., Wolf, S. and Sher, A. 
(1993). Interleukin 12 is required for the 
T-lymphocyte-independent induction of interferon y by an 
intracellular parasite and induces resistance in T-cell-deficient 
hosts. Proc. Natl Acad. Sci. USA 90, 6115-6119. 

Gearing, D.P. and Cosman, D. (1991). Homology of the p40 
subunit of natural killer cell stimulatory factor (NKSF) with 
the extracellular domain of the interleukin-6 receptor. Cell 
66, 9-10. h 

Germann, T., Gately, M.K., Schoenhaut, D.S., et al. (1993). 
Interleukin-12/T cell stimulating factor, a cytokine with 
multiple effects on T helper type 1 (Tal) but not on T,,2 
cells. Eur. J. Immunol. 23, 1762-1770. 

Germann, T., Bongartz, M., Dlugonska, H., et al. (1995). 
Interleukin-12 profoundly up-regulates the synthesis of 
antigen-specific complement-fixing 1gG2a, IgG2b and IgG3 
antibody subclasses in vivo. Eur. J. Immunol. 25, 823-829. 

Gerosa, F., Tommasi, M., Benati, C., et al. (1993). Differential 
effects of tyrosine kinase inhibition in CD69 antigen 
expression and lytic activity induced by rIL-2, IL-12, and 
rlFN-a@ in human NK cells. Cell. Immunol. 150, 382-390. 

Gillessen, S., Carvajal, D., Ling, P., et al. (1995). Mouse 
interleukin-12 p40 Homodimer: A potent IL-12 antagonist. 
Eur. J. Immunol. 25, 200-206. . 

Godfrey, D.I., Kennedy, J., Gately, M.K., Hakimi, J., Hubbard, 
B.R. and Zlotnik, A. (1994). 1L-12 influences intrathymic T 
cell development. J. Immunol. 152, 2729-2735. 

Gubler, U. and Presky, D. (1996). Molecular biology of IL-12 
receptors. Ann. N.Y. Acad. Sa. 795, 36-40. 

Gubler, U.. Chua, A.O., Schoenhaut, D.S., e al. (1991). 
Coexpression of two distinct genes is required to generate 
secreted, bioactive cytotoxic lymphocyte maturation factor. 
Proc. Natl Acad. Sci. USA 88, 4143-4147. 

Gustavson, L.E., Nadeau, R.W. and Oldfild, N.F. (1989), 
Pharmacokinetics of Teceleukin (recombinant 
interleukin-2) after intravenous or 


human 
subcutaneous 


administration to patients with cancer. J. Biol. Resp. 
Modifiers 8, 440-449. 

Heinzel, F.P., Sadick, M.D., Holaday, B.J., Coffman, R.L. and 
Locksley, R.M. (1989). Reciprocal expression of interferon Yy 
or interleukin 4 during the resolution or progression of 
murine leishmaniasis. Evidence for expansion of distinct 
helper T cell subsets. J. Exp. Med. 169, 59-72. 

Heinzel, F.P., Schoenhaut, D.S., Rerko, R-M., Rosser, L.E. and 
Gately, M.K. (1993). Recombinant interleukin 12 cures mice 


infected with Leishmania major. J. Exp. Med. 177, 
1505-1509. 
Heinzel, F.P., Rerko, RM., Ling, P., Hakimi, J. and 


Schoenhaut, D.S. (1994). Interleukin 12 is produced im vivo 
during endotoxerhia and stimulates synthesis of interferon-y. 
Infect. Immun. 62, 4244-4249. 

Hirayama, F., Katayama, N., Neben, S, et al. (1994). 
Synergistic interaction between interleukin-12 and steel 
factor in support of proliferation of murine lympho- 
hematopoietic progenitors in culture. Blood 83, 92-98. 

Hsieh, C.-S., Macatonia, S.E., Inpp, C.S., Wolf, S F70 Gare 
A. and Murphy, K.M. (1993). Development of Taul CD4° T 
cells through IL-12 produced by Lusterta-induced 
macrophages. Science 260, 547-549. 

Jackson, J.D., Yan, Y., Brunda, M.J., Kelsey, L.S. and Talmadge, 
J.E. (1995). 1L-12 enhances peripheral hematopoiesis in vivo. 
Blood 85, 2371-2376. l 

Jacobsen, S.E.W., Veiby, O.P. and Smeland, E.B. (1993). 
Cytotoxic lymphocyte maturation factor (interleukin 12) is a 
synergistic growth factor for hematopoietic stem cells. J. Exp. 
Med. 178, 413-418. 

Jacobson, N.G., Szabo, S.J., Weber-Nordt, R.M., et al. (1995). 
IL-12 signaling in T helper type 1 (Thl) cells involves 
tyrosine phosphorylation of signal transducer and activator of 
transcnption (SITAT)3 and STAT4s J. Exp. Medaeial: 
1755-1762. 

Jewett, A. and Bonavida, B. (1994). Activation of the human 
immature natural killer cell subset by 1L-12 and its regulation 
by endogenous TNF-a and 1FN-y secretion. Cell. Immunol. 
154, 273-286. 

Khan, I.A., Matsuura, T. and Kasper, L.H. (1994). Interleukin- 
12 enhances murine survival against acute toxoplasmosis. 
Infect. Immun. 62, 1639-1642. 

Kiniwa, M., Gately, M., Gubler, U., Chizzonite, R., Fargeas, C. 
and Delespesse, G. (1992). Recombinant interleukin-12 
suppresses the synthesis of IgE by interleukin-4 stimulated 
human lymphocytes. J. Clin. Invest. 90, 262-266. 

Kips, J.C., Brusselle, G.G., Peleman, RAS et al. (1996). 
Interleukin-12 inhibits allergen induced airway hyper- 
responsiveness in mice. Am. J. Respir. Crit. Care Med. 153, 
9395939 

Kobayashi, M., Fitz, L., Ryan, M., et al. (1989). Identification 
and purification of natural killer cell stimulatory factor 
(NKSF), a cytokine with multiple biological effects on human 
lymphocytes. J. Exp. Med. 170, 827-845. 

Kubin, M., Kamoun, M. and Trinchieri, G. (1994a). Interleukin 
12 synergizes with B7/CD28 interaction in inducing efficient 
proliferation and cytokine production of human T cells. J. 
Exp. Med. 180, 211-222. 

Kubin, M., Chow, J.M. and Trinchieri, G. (1994b). Differential 
regulation of interleukin-12 (1L-12), tumor necrosis factor «, 
and IL-18 production in human myeloid leukemia cell lines 
and peripheral blood mononuclear Blood 83, 
1847-1855. 


cells. 


INTERLEUKIN-12 201 





Lieberman, MD., Sigal, RK, Williams, N.N. II and Daly, J.M. 
(1991). Natural killer cell stimulatory factor (NKSF) 
augments natural killer cell and  antibody-dependent 
tumoricidal response against colon carcinoma cell lines. J. 
Surg. Res. 50, 410-415. 

Ling, P., Gately, M.K., Gubler, U., et al. (1995). A homodimer 
of the 1L-12 p40 subunit binds to the IL-12 receptor but 
does not mediate biologic activity. J. Immunol. 154, 
116-127. 

Lipman, ].M., Hall, BEB., Gately "M.K. "and" Anderson, PD. 
(1994). Toxicologic profile of recombinant murine and 
human IL-12 in CD-1 mice. Toxicol. Pathol. [In press] 

Locksley, RM. (1993). Interleukin 12 in host defense against 
microbial pathogens. Proc. Natl Acad. Sci. USA 90, 
5879-5880. 

Macatonia, S-E., Hsieh, C.-S., Murphy, K.M. and O’Garra, A. 
(1993). Dendritic cells and macrophages are required for ThI 
development of CD4* T cells from aß TCR transgenic mice: 
IL-12 substitution for macrophages to stimulate IFN-y 
production is IFN-y-dependent. Int. Immunol. | 5, 
1119-1128. 

KOE Raw, Eigdor C.G Huijbens, R, et al (1993). 
Effects of IL-13 on phenotype, cytokine production, and 
cytotoxic function of human monocytes. Comparison with 
IL-4 and modulation by IFN-y or IL-10. J. Immunol. 151, 
6370-6381. 

Manetti, R., Parronchi, P., Giudizi, M.G., et al. (1993). Natural 
killer cell stimulatory factor (interleukin 12 [IL-12]) induces 
T helper type 1 (Th1)-specific immune responses and inhibits 
the development of IL-4-producing Th cells. J. Exp. Med. 
177, 1199-1204. 

Manetti, R., Gerosa, F., Giudizi, M.G., et al. (1994). 
Interleukin 12 induces stable priming for interferon y (IFN-y) 
production during differentiation of human T helper (Th) 
cells and transient IFN-y production in established T,,2 cell 
Honea Exp. Med. 1/9, 1273-1283. 

Mattner, F., Fischer, S., Guckes, S., et al. (1993). The 
interleukin-12 subunit p40 specifically inhibits effects of 
the interleukin-12 heterodimer. Eur. J. Immunol. 23, 
2202-2208. 

Mayor, S.E., O’Donnell, M.A. and Clinton, S.K. (1994). 
Interleukin-12 (IL-12) immunotherapy of experimental 
bladder cancer. Proc. Am. Assoc. Cancer Res. 35, 474. 
[ Abstract ] 

McKnight, AJ., Zimmer, G.J., Fogelman, I., Wolf, S.F. and 
Abbas, A.K. (1994). Effects of IL-12 on helper T cell- 
dependent immune responses in vivo. J. Immunol. 152, 
2172-2179. 

Mehrotra, P.T., Wu, D., Crim, J.A., Mostowski, H.S. and Siegel, 
J.P. (1993). Effects of IL-12 on the generation of cytotoxic 
activity in human CD8* T lymphocytes. J. Immunol. 151, 
2444-2452. 

Merberg, D.M., Wolf, S.F. and Clark, S.C. (1992). Sequence 
similarity between NKSF and the IL-6/G-CSF family. 
Immunol. Today 13, 77-78. 

Morris, S.C., Madden, K.B., Adamovicz, J.J., et al. (1994). 
Effects of IL-12 on in vivo cytokine gene expression and Ig 
isotype selection. J. Immunol. 152, 1047-1056. 

Murakami, M., Narazaki, M., Hibi, M., et al. (1991). Critical 
cytoplasmic region of the interleukin-6 signal transducer 
gp130 is conserved in the cytokine receptor family. Proc. Natl 
Acad. Sci. USA 88, 11349-11353. 

Murphy, E.E., Terres, G., Macatonia, S.E., et al. (1994). B7 


and interleukin 12 cooperate for proliferation and 
interferon y production by mouse T helper clones that are 
unresponisve to B7 costimulation. J. Exp. Med. 180, 
223-231. 

Napkr A Lanier, LL. and Philips; J.-H. (1988) The eficets 
of IL-4 on human natural killer cells. A potent regulator of 
IL-2 activation and proliferation. J. Immunol. 141, 
2349-2351. 

Nastala, C.L., Edington, H.D., McKinney, T.G., et al. (1994). 
Recombinant interleukin-12 (1L-12) administration induces 
tumor regression in association with interferon-gamma 
production. J. Immunol. 153, 1697-1706. 

Naume, B., Gately, M. and Espevik, T. (1992). A comparative 
study of IL-I2 (cytotoxic lymphocyte maturation factor)-, 
IL-2-, and IL-7-induced effects on immunomagnetically 
purified CD56° NK cells. J. Immunol. 148, 2429-2436. 

Naume, B., Johnsen, A.-C., Espevik, T. and Sundan, A. 
(1993a). Gene expression and secretion of cytokines and 
cytokine receptors from highly purified CD56" natural killer 
cells stimulated with interleukin-2, interleukin-7 and 
interleukin-12. Eur. J. Immunol. 23, 1831-1838. 

Naume, B., Gately, M.K., Desai, B.B., Sundan, A. and Espevik, 
T. (1993b). Synergistic effects of interleukin 4 and interleukin 
12 on NK cell proliferation. Cytokine 5, 38-46. 

O’Toole; M., Wolf, S.F., O’Brien, C T Hubbard) Band 
Herrmann, S. (1993). Effect of in vivo IL-12 administration 
on murine tumor cell growth. J. Immunol. 150, 294A. 

Orange, J.S., Wolf, S.F. and Biron, C.A. (1994). Effects of IL- 
I2 on the response and susceptibility to experimental viral 
infections. J. Immunol. 152, 1253-1264. 

Ozmen, L., Pericin, M., Hakimi, J., et al. (1994). IL12, IFN-y 
and TNF-a are the key cytokines of the generalized 
Shwartzman reaction. J. Exp. Med. [In press] 

Parronchi, P., Macchia, D., Piccinni, M.P., cei (199) ): 
Allergen- and bacterial antigen-specific T-cell clones 
established from atopic donors show a different profile of 
cytokine production. Proc. Natl Acad. Sci. USA 88, 
4538-4542. 

Perussia, B., Chan, S.H. D'Andrea, A., et al. (1992). Natural 
killer (NK) cell stimulatory factor or IL-12 has differential 
effects on the proliferation of TCR-aB*, TCR-yé° T 
lymphocytes, and NK cells. J. Immunol. 149, 3495-3502. 

Pignata, C., Prasad, K.V.S., Robertson, MIS Levine, H., Rudd, 
C.E. and Ritz, J. (1993). FegammaRIIIA-mediated signaling 
involves src-family /ek in human natural killer cells. J. 
Immunol. 151, 6794-6800. 

Pignatta, C., Sanghern |-S-Wessettc, Leech, SL. and’ Ritz, 
J. (1994). Interleukin-12 induces tyrosine phosphorylation 
and activation of 44-kD mitogen-activated protein kinase in 
human T cells. Blood 83, 184-190. 

Ploemacher, R.E., van Soest, P.L., Boudewijn, A. and Neben, 
5.0 1993a).  Totrerlenkin-12 interleukin-3 
dependent multilineage hematopoietic colony formation 
stimulated by interleukin-11 or steel factor. Leukemia 7, 
1374-1380. 

Ploemacher, R.E., van Soest, P.L., Voorwinden, H. and 
Boudewijn, A. (1993b). Interleukin-12 synergizes with 
interleukin-3 and steel factor to enhance recovery of murine 
hemopoietic stem cells in liquid culture. Leukemia 7, 
1381-1388. 

Podlaski, F.J., Nanduri, V.B., Hulmes, J.D., et al. (1992). 
Molecular characterization of interleukin 12. Arch. Biochem. 
Biophys. 294, 230-237. 


enhances 


202 R. CHIZZONITE, U. GUBLER, J. MAGRAM AND A.S. STERN 





Rabinowich, H., Herberman, R.B. and Whiteside, T.L. (1993). 
Differential effects of IL12 and IL2 on expression and 
function of cellular adhesion molecules on purified human 
natural killer cells. Cell. Immunol. 152, 481-498. 

Reiner, S.L., Zheng, S., Wang, Z.-E., Stowring, L. and Locksley, 
R.M. (1994). Leishmania promastigotes evade interleukin-12 
induction by macrophages and stimulate a broad range of 
cytokines from CD4* T cells during initiation of infection. J. 
Exp. Med. 179, 447-456. 

Robertson, M.J., Soiffer, R.J., Wolf, SF. et al. (1992). 
Responses of human natural killer (NK) cells to NK cell 
stimulatory factor (NKSF): cytolytic activity and proliferation 
of NK cells are differentially regulated by NKSF. J. Exp. Med. 
175, 779-788. 

Romagnani, S. (1992). Induction of Tl and T,,2 responses: a 
key role for the “natural” immune response? Immunol. Today 
13, 379-381. 

Romani, L., Menacci, A., Tonnetti, L., et al. (1994). 
Interleukin-12 but not interferon gamma production 
correlates with induction of T helper type-1 phenotype in 
murine candidiasis. Eur. J. Immunol. 24, 909-915. 

Rossi, A.R., Pericle, F., Rashleigh, S., Janiec, J. and Djeu, J.Y. 
(1994). Lysis of neuroblastoma cell lines by human natural 
killer cells activated by interleukin-2 and interleukin-12. 
Blood 83, 1323-1328. 

Sadick, M.D., Heinzel, F.P., Holaday, B.J., Pu, R.T., Dawkins, 
RS. and Locksley, R.M. (1990). Cure of murine 
leishmaniasis with anti-interleukin 4 monoclonal antibody. 
Evidence for a T cell-dependent, interferon-y-independent 
mechanism. J. Exp. Med. 171, 115-124. 

Salcedo, T.W., Azzoni, L., Wolf, S.F. and Perussia, B. (1993). 
Modulation of perforin and granzyme messenger RNA 
expression in human natural killer cells. J. Immunol. 151, 
2511-2520. 

Sarmiento, U.M., Riley, J.H., Knaack, P.A., et al. (1994). 
Biologic effects of recombinant human interleukin-12 in 
squirrel monkeys (Sczureus saimiri). Lab. Invest. 71, 862-873. 

Schmitt, E., Hoehn, P., Germann, T. and Rüde, E. (1994a). 
Differential effects of interleukin-12 on the development of 
naive mouse CD4* T cells. Eur. J. Immunol. 24, 343-347. 

Schmitt, E., Hoehn, P., Huels, C., et al. (1994b). T helper type 
I development of naive CD4* T cells requires the coordinate 
action of interleukin-12 and interferon-y and is inhibited by 
transforming growth factor-B. Eur. J. Immunol. 24, 
793-798. 

Schoenhaut, D.S., Chua, A.O., Wolitzky, A.G., et al. (1292). 
Cloning and expression of murine IL-12. J. Immunol. 148, 
3433-3440. 

Scott, P. (1991). IFN-y modulates the early development of Tol 
and T2 responses in a murine model of cutaneous 
leishmaniasis. J. Immunol. 147, 3149-3155. 

scotmmP (1993). IL-12; initiation cytokine for cell-mediated 
immunity. Science 260, 496-497. 

Seder, R.A., Gazzinelli, R., Sher, A. and Paul, W.E. (1993). 
Interleukin 12 acts directly on CD4* T cells to enhance 
priming for interferon y production and diminishes 
interleukin 4 inhibition of such priming. Proc. Natl Acad. Sci. 
USA 90, 10188-10192. 

Shaw, G. and Kamen, R. (1986). A conserved AU sequence 
from the 3’ untranslated region of GM-CSF mRNA mediates 
selective mRNA degradation. Cell 46, 659-667. 

Sieburth, D., Jabs, E.W., Warrington, J.A., et al. (1992). 
Assignment of NKSF/IL 12, a unique cytokine composed of 


two unrelated subunits, to chromosomes 3 and 5. Genomics 
14, 59-62. 

Stahl, N. and Yancopoulos, G. (1993). The alphas, betas and 
kinases of cytokine receptor complexes. Cell 74, 587-590. 
Stern, A.S., Podlaski, F.J., Hulmes, J.D., et al (1990). 

Purification to homogeneity and partial characterization of 
cytotoxic lymphocyte maturation factor from human 
B-lymphoblastoid cells. Proc. Natl Acad. Sci. USA 87, 

6808-6812. 

Stern, L.L., Tarby, C.M, Tamborini, B. and Truitt, G.A. (1994). 
Preclinical development of 1L-12 as an anticancer drug: 
comparison to IL-2. Proc. Am. Assoc. Cancer Res. 35, 520. 
[Abstract] 

Stotter,H., Custer},M.C., Bolton, E:S., Guedez, Land Tore 
M.T. (1991). IL-7 indtices human lymphokine-activated 
killer cell activity and is regulated by IL-4. J. Immunol. 146, 
150-155. 

Sypek, J.P., Chiing, C.L., Mayor, S.E.H., e al (99 
Resolution of cutaneous leishmaniasis: interleukin 12 initiates 
a protective T helper type 1 immune response. J. Exp. Med. 
177, 1797-1802, 

Tahara, H., Zeh, H.J., Storkus, W.J., 1I, et al. (1994). 
Fibroblasts genetically engineered to secrete IL-12 can 
suppress tumor growth and induce antitumor immunity to a 
murine melanoma z7 vivo. Cancer Res. 54, 182-189. 

Talmadge, J.E., Herberman, R.B., Chirigos, M.A., et al. (1985); 
Hyporesponsiveness to augmentation of murine natural killer 
cell activity in different anatomical compartments by multiple 
injections of various immunomodulators including 
recombinant interferons and interleukin 2. J. Immunol. 135, 
2483-2491. 

Tangarone, B., Vath, J., Nickbarg, E., Yu, W., Harris, A. and 
Scoble, H. (1995). The disulfide bond structure of 
recombinant human interleukin-12 (rhlL-12). Protein Sci. 4 
[supplement 2), 150. 

Trinchieri, G. (1993). Interleukin-12 and its role in the 
generation of Tyl cells. Immunol. Today 14, 335-337. 

Trinchieri, G., Kubin, M., Bellone, G. and Cassatella, M.A. 
(1993). Cytokine cross-talk between phagocytic cells and 
lymphocytes: relevance for differentiation/activation of 
phagocytic cells and regulation of adaptive immunity. J. Cell. 
Biochem. 53, 301-308. 

Tripp, C.S., Wolf, S.F. and Unanue, E.R. (1993). Interleukin 12 
and tumor necrosis factor @ are costimulators of interferon 
production by natural killer cells in severe combined 
immunodeficiency mice with listeriosis, and interleukin 10 is 
a physiologic antagonist. Proc. Natl Acad. Sci. USA 90, 
3725-3729. 

Tripp, C.S., Gately, M.K., Hakimi, J., Ling, P. and Unanue, E.R. 
(1994). Neutralization of 1L-12 decreases resistance to 
Listeria in SCID and C.B-17 mice. Reversal by 1FN-y. J. 
Immunol. 152, 1883-1887. 

Wills, R.J. and Spiegel, H.E. (1985). Continuous intravenous 
infusion pharmacokinetics of interferon to patients with 
leukemia. J. Clin. Pharmacol. 25, 616-619. 

Wills, R.J., Dennis, S., Spiegel, H.E., Gibson, D.M. and Nadler, 
Pl. (1984). Interferon kinetics and adverse reactions after 
intravenous, intramuscular, and subcutaneous injection. Clin. 
Pharmacol. Ther. 35, 722-727. 

Wolf, S.F., Temple, P.A., Kobayashi, M., et al. (1991). Cloning 
of cDNA for natural killer cell stimulatory factor, a 
heterodimeric cytokine with multiple biologic effects on T 
and natural killer cells. J. Immunol. 146, 3074-3081. 


fone... VWilson, DE, Jenson, J.C., Familletti, P.C., 
Stremlo, D.L. and Gately, M.K. (1988). Characterization of a 
factor(s) which synergizes with recombinant interleukin 2 in 
promoting allogeneic human cytolytic 
responses in vitro. Cell. Immunol. 111, 39-54. 

Wu, C.-Y., Demeure, C, Kiniwa, M, Gately, M. and 
Delespesse, G. (1993). IL-12 induces the production of 
1FN-y by neonatal human CD4 T cells. J. Immunol. 151, 

4 1938-1949. 

Wynn, T.A., Eltoum, 1., Oswald, 1.P., Cheever, A.W. and Sher, 
A. (1994). Endogenous interleukin 12 (1L-12) regulates 
granuloma formation induced by eggs of Schistosoma mansoni 
and exogenous 1L-12 both inhibits and prophylactically 


immunizes against egg pathology. J. Exp. Med. 179, 
1551-1561. 


T-lymphocyte 


INTERLEUKIN-12 203 


Yanagida, T., Kato, T., lgarashi, O., Inoue, T. and Nanuchi, H: 
(1994). Second signal activity of 1L-12 on the proliferation 
and 1L-2R expression of T helper cell-1 clone. J. Immunol. 
132. 4919-4928. 

Yoshida, A., Koide, Y., Uchijima, M. and Yoshida, T.O. (1994). 
IFN-gamma induces 1L-12 mRNA expression by a murine 
macrophage cell line, J774. Biochem. Biophys. Res. Com. 
198, 3, 857-861. 

Zeh, HJ.. 111, Hind, S., Storkus, W.J. and Lotze M.1E.(1993); 
Interleukin-12 promotes the proliferation and cytolytic 
maturation of immune effectors: implications for the 
immunotherapy of cancer. J. Immunother. 14, 155-161. 

Zhang, M., Gately, M.K., Wang, E., et al. (1994). Interleukin 
12 at the site of disease in tuberculosis. J. Clin. Invest. 93, 
1733-1739. 





13. Interleukin-13 


David J. Matthews and Robin E. Callard 


l. Introduction 205 
The Cytokine Gene 206 

2.1 Genomic Organization of the 
1L-13 Gene 206 
2.2 ‘Transcriptional Control 206 
3. The Protein 206 
3.1 Structure 207 
4. Cellular Sources and Production 208 
5. Biological Activity 208 
3 T Cells 208 
oiT B Cells 208 
5.2.1 B Cell Activation 208 
0.2.2 B Celllroliteraion 208 
5.2.3 1gE Production 208 


l. Introduction 


Interleukin-13 (IL-13) is an anti-inflammatory cytokine 
produced by activated T,,2-like T cells. Human IL-13 
was identified by a subtraction cloning approach from 
anti-CD28-activated T cells (Minty et al., 1993) and by 
cloning the human homolog of the mouse p600 gene 
(Zurawski et al., 1993). The mouse IL-13 gene (or 
P600) has been identified for some time but it has failed 
to show any biological activity on mouse T and B cells 
and has not been fully investigated (Cherwinski et æl., 
1987; Morgan et al., 1992). 

In human B cells, IL-13 upregulates the expression of 
many surface molecules, enhances B cell proliferation 
induced by anti IgM antibodies or CD40L, and is a 
switch factor for lgE and IgG4 (Samaridis et al., 1991; 
Punnonen et al., 1993; DeFrance et al., 1994). IL-13 has 
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profound effects on monocytes that include changes in 
morphology, surface antigen expression, antibody- 
dependent cellular cytotoxicity, and cytokine synthesis 
(McKenzie et al., 1993a; Minty et al., 1993; de Waal 
Malefyt et al., 1993a,b; Zurawski and de Vries, 1994a,b). 

In general IL-13 behaves very like IL-4, although in 
many instances it is less potent. The similarity between 
these two cytokines appears to stem from them sharing 
the IL-4Ro chain as a receptor component (Callard et 
al., 1996; Hilton et al., 1996). However, an important 
distinction between the two cytokines is that IL-13 does 
not act on or bind to T cells (de Waal Malefyt et al., 
1995): 

In mice, 1L-] 3 modulates monocyte and macrophage 
functions again in a similar manner to that of IL-4 
(Doherty et al, 1993); however, it has no activity on 
murine B or T cells (Zurawski and de Vries, 1994). 
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2. The Cytokine Gene 


The human IL-13 gene spans a 4.6 kb region located on 
chromosome 5q23-31 that encodes a 1.3 kb mRNA 
transcript (McKenzie et al., 1993a,b; Minty et al., 1993) 
(Figure 13.1). 


2.1 GENOMIC ORGANIZATION OF THE 
IL-13 GENE 


The IL-13 gene is located 12 kb upstream of the IL-4 
gene and consists of four exons and three introns 
(McKenzie et al., 1993a,b; Minty et al., 1993; Smirnov 
et al., 1995) (Figure 13.2). Multiple forms of IL-13 have 
been identified with no detectable difference in 
biological activity (McKenzie et al., 1993a). One subset 
encode proteins with a Gly-to-Asp substitution at amino 
acid position 61. Many cDNAs encode an extra Gln 
residue at position 98, apparently owing to the presence 
of an alternate 3’ splice /acceptor site found at the 5’ end 
of exon 4. Exon 1 encodes 44 amino acid residues and 
contains the 5’ untranslated region. Exons 2 and 3 
encode 18 and 35 amino acids, respectively. Exon 4 
encodes the C-terminal 35 amino acid residues and 
contains the 3° untranslated region. The length of the 
introns 1, 2, and 3 are 1055 bp, 251 bp and 345 bp, 
respectively. Using the nomenclature of McKenzie et al., 
(1993b), the TATA box is located at genomic position 
697-701, and the polyadenylation sequence at position 
4055-4060. The cap site has not yet been identified, but 
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a number of putative cap sites are located within the 
region 735-765. 


2.2 TRANSCRIPTIONAL CONTROL 


Factors that bind to the 4JL-13 promoter have not been 
identified at this time, but a number of regulatory 
sequence motifs have been identified in the 5° upstream 
region and in intron 1 (McKenzie et al., 1993b; Smirnov 
et al., 1995). The TATA box is located at position 697 
and 701 and putative binding sites for AP-1, AP-2 and 
AP-3, NF-1L-6, and IFN-responsive elements and PUR 
have also been identified at positions 625-631, 743-750, 
635-642, 259-267, and 436-443, 523-530, 589-596, 
respectively. 


3. The Protein 


The precursor h1L-13 molecule is 132 amino acids long 
and the mature protein begins at the first N-terminal Gly 
and is 112 amino acids long (Minty et al., 1993) (Figure 
13.3). The predicted molecular mass is 12 300 Da but 
the gylcosylated form has a molecular mass of 17 000 Da. 
The unglycosylated recombinant form of 1L-13 migrates 
at a molecular mass of 9000 Da on SDS-PAGE. There 
are four potential N-linked glycosylation sites at Asn 
residues 18, 29, 37, and 52, and two disulfide bonds 
between Cys-28 and Cys-56 and between Cys-44 and 
Cys-70 (Minty et al., 1993; Callard and Gearing, 1994). 


675 ACTTGGGCCTATAAAAGCTGCCACAAGAGCCCAAGCCACAAGCCACCCAGCCTATG 726 


121i CATCCGCTCCTCAATCCTCTCCTGTTGGCACTGGGCCTCATGGCGCTTITTGTTGACC 


ACGGTCATTGCTCTCACTTGCCTTGGCGGCTTTGCCTCCCCAGGCCCTGTGCCT 


Exon 1 


CCCTCTACAGCCCTCAGGGAGCTCA TIGAGGAGCTGGTCAACATCACCCAGAAC 903 


CAGAAG 


1960 GCTCCGCTCTGCAA TGGCAGCATGGTATGGAGCATCAACCTGACAGCTGGCATG 


3266 TACTGTGCAGCCCTGGAATCCCTGATCAACGTGTCAGGCTGCAGTGCCATCGAG 
AAGACCCAGAG GATGCTGAGCGGATTCTGCCCGCACAAGGTCTCAGCTGGG 2370 


2013 Exon 2 


Exon 3 


2717 CAGTTTTCCAGCTTGCATGTCCGAGACACCAAAATCGAGGTGGCCCAGTITGTA 


Figure 13.1 


AAGGACCTGCTCTTACATTTAAAGAAACTTTTTCGCGAGGGACGGTTCAACTGAA 


ACTTCGAAAGCATCATTATTTGCAGAGACAGGACCTGACTATITGAAGTIGCAGATTICA 


TITTICTTTCTGATGTCAAAAATGTCTTGGGTAGGCGGGAAGGAGGGTTAGGGAGGG 
GTAAAATTCCTTAGCTTAGACCTCAGCCTGTGCTGCCCGTCTTCAGCCTAGCCGACCT 
CAGCCTTCCCCTTGCCCAGGGCTCAGCCTGGTGGGCCTCCTCTGTCCAGGGCCCTGAG 
CTCGGTGGACCCAGGGATGACATGTCCCTACACCCCTCCCCTGCCCTAGAGCACACTG 
TAGCATTACAGTGGGTGCCCCCCTTGCCAGACATGITGGTGGGACAGGGACCCACTTC 
ACACACAGGCAACTGAGGCAGACAGCAGCTCAGGCACACTTCTICTTGGTCTTATITA 
TTATTGTGTGTTATTITAAATGAGTGTGTTTGTCACCGTIGGGGATIGGGGAAGACTGT 
GGCTGCTGGCACTTGGA GCCAAGGGTTCAGAGACTCAGGGCCCCAGCACTAAAGCAG 


IGGACCCCAGGAGTCCCTGGTAATAAGTACTGIGTACAGAATICTGCTACCTCACTGG 


GGTCCTGGGGCCTCGGAGCCTCATCCGAGGCAGGGTCAGGAGAGGGGCAGAACAGC 





CGCTCCTGTCTGCCAGCCAGCAGCCAGCTCTCAGCCAACGAGTAATITATIGTITITC 


CTCGTATTTAAATATTAAATATGTTAGCAAAGAGTTAATATATAGAAGGGTACCTTGA 
ACACTGGGGGAGGGGACATTGAACAAGTIGTTICATIGACTATCAAACTGAAGCCAG 
GTTGGTGACAGATAGGCCTGAT 


3651 


Exon 4 


The sequence of the human /L-13 gene. The amino acid coding regions of the four exons are indicated 


in bold. Untranslated regions of exon 1 and 4 are underlined and the first mature amino acid is underlined in bold. 
The TATA box and the polyadenylation signal are asterisked. 
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Exon 1 2 3 4 
SIZE 170 bp 54bp 105bp 934 bp 
f 44 aa 18aa 35aa 35 aa 
‘TATA’ 
A-T Tail 
Intron 1 2 3 
size 1005 bp 251bp 345bp 
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Figure 13.2 Gene structure of the /L-13 gene. The coding regions of each exon are indicated as filled black boxes 
and untranslated regions as empty boxes. 






© 
Aia) ~e) 
Q Slee) E 
a LOCATE 
TO 


RA EREOQOBAG@AGS” E 


er 
MACCOmOUUCOOOCOCOOC COO DO oS 


Figure 13.3 The primary and secondary structure of the /L-13 protein. Cysteine residues are indicated as solid 
black circles; the shaded circle denotes the first amino acid of the mature protein; and possible glycosylation sites 
indicated by thick circles. 


Se OTRUCTURE homologies. All have a four-helix bundle structure 

consisting of four antiparallel a-helices (Diederichs et al., 
IL-13 is a member of the hematopoietin cytokine family 1991; Bazan, 1992; McKay, 1992; Powers et al., 1992). 
that includes IL-2, IL-4, GH, GM-CSF, and M-CSF. Circular diochroism (CD) analysis of mIL-13 shows it to 
The members of this family share similar structural have the characteristics of a highly o-helical protein 
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(Zurawski et al., 1993). The 3D structure of IL-13 has 
not been determined. Computer modeling based on 
conserved structural regions from members of the 
hematopoietic cytokine family have produced two 
structural models for IL-13 (Bamborough et al., 1994). 
The models suggest that IL-13 may be more like GM- 
CSF than other cytokines of this family in terms of the 
length of the helical regions but similar to IL-4 in terms 
of lengths of loops. 


4. Cellular Sources and Production 


Human IL-13 is produced by both CD4*- and CD8°- 
activated T cells and can be induced by either antigen- 
specific or polyclonal stimuli (Minty et al., 1993; 
Zurawski and de Vries, 1994; de Waal Malefyt et al., 
Poo eb. T cell clones widi 1.0) Tl, and T2 
characteristics can produce IL-13 (Zurawski and de 
Vries, 1994; de Waal Malefyt et al., 1995). Naive human 
CD4*45RO” T cells activated by the cross-linking of 
TCR/CD3 produce IL-13 and IFN-y but not IL-4 
(Brinkmann and Kristofic, 1995). After activation of 
CD4£ T cells, IL-13 mRNA production can be detected 
within 2 h and maximum production of the protein is 
reached by 6 h and continues for at least 24 h, but may 
continue to be produced for up to 7 days is some 
conditions (Zurawski and de Vries, 1994; de Waal 
Malefyt et al., 1995). A study of cytokine production in 
human tonsils found IL-I3 localized to the 
extrafollicular, T cell-rich area (Andersson et al., 1994), 

Human B cells can synthesize IL-13. Expressi@n of the 
IL-13 gene was detected by RT-PCR analysis in both 
malignant and EBV-transformed B lymphocytes (Fior et 
al., 1994) and small amounts of IL-13 protein can be 
detected by ELISA in EBV culture supernatants (de Waal 
Malefyt et al., 1995). 

Mast cells produce IL-13 when activated through 
their IgE receptors. Murine bone marrow-derived mast 
cells and human mast cell lines produce IL-13 in 
response to IgE or specific antigen or in response to 
phorbol myristate acetate (PMA) and calcium ionophore 
(Burd et al, 1995). Bone marrow-derived mouse 
mucosal-like mast cells constitutively express IL-13, but 
bone marrow-derived connective-tissue mast cells 
require activation by IL-3 or via FceRI (Marietta et al., 
1996): 


5. Biological Activity 


SA T CELLS 


IL-13 has no biological activity on T cells and T cells do 
not appear to express the IL-13R (Zurawski and de Vries, 
1994; de Waal Malefyt et al., 1995). 


5.2 eee EEES 


IL-I3 is a human B cell growth and differentiation factor 
with very similar properties to that of IL-4. B cell 
responses to IL-13 differ from those to IL-4 in their 
magnitude, and B cell activation, proliferation, and 
immunoglobulin production responses to IL-I3 are less 
than for IL-4 (Cocks et al., 1993; Punnonen et al., 1993; 
Deffance et al., 1994; Punnonen and de Vries, 1994; 
Matthews et al., 1995). 


5.2.1 B Cell Activation 


IL-I3 will induce B cells, from peripheral blood, spleen, 
and tonsil, to increase the „expression of a variety of 
surface antigens that includes CD23, CD71, CD72, 
IgM, and MHC class II (Punnonen et al., 1993; 
Defrance et al., 1994; Zurawski and de Vries, 1994; 
Matthews et al., 1995). 


5.2.2 B Cell Proliferation 


Human B cell proliferation can be induced by 
costimulation with IL-13 and anti-IgM, anti-CD40, or 
the CD40L (Cocks et al., 1993; McKenzie et al., 1993a; 
Banchereau et al., 1994; Defrance et al., 1994). IL-13 
can support long-term B cell growth when CD40 is 
cross-linked with monoclonal anti-CD40 antibody 
presented by a murine L cells transfected with 
FcyRIT/CDw32 (Banchereau et al., 1994). Comparisons 
of B cell proliferation responses to IL-13 found that 
signals via CD40 are more effective at supporting 
proliferation than through sIgM (McKenzie et al., 
1993a; Fluckiger et al., 1994; Callard et al., 1996). 


5.2.3 IgE Production 


In humans, IL-13 induces IgE production (McKenzie et 
al., 1993a) and is a switch factor for IgE and IgG4 
(Punnonen et al., 1993; Punnonen and de Vries, 1994). 
B cells in the presence of the activated CD4* T cell clone 
B21 and IL-13 can increase the production of IgM and 
IgG but not IgA (McKenzie et al., 1993a). Purified 
splenic or PBMC IgD* B cells stimulated by CD40L and 
IL-13 produce IgM, IgG4, and IgE (Cocks et al., 19957 
Punnonen et al., 1993). Immature human fetal bone 
marrow B cells (su*, CD10*, CD19*) have also been 
shown to produce IgM, IgG4, and IgE in response to 
IL-13 and activated CD4* T cells or the CD40L 
(Punnonen and de Vries, 1994). 


5.3 MONOCYTES AND MACROPHAGES 


IL-13 is an anti-inflammatory cytokine. Responses of 
human monocytes to IL-I3 are similar to those elicited 
by IL-4, although they are generally weaker. Monocytes 
change their morphology in response to IL-13 and 
develop long processes, aggregate homotypically, adhere 
strongly to the substrates, and migrate in a chemotactic 
manner (McKenzie et al., 1993a; Magazin et al., 1994). 


IL-13 also modulates the expression of surface antigens 
on human monocytes. The expression of CD11b, 
PORT CD13, CD18; CD23, CD29, CD49e (VLA-5), 
mannose receptor, and MHC class II is increased, but the 
expression of CD14, CD16, CD32, and CD64 is 
decreased (de Waal Malefyt et æl., 1993; Doyle et al., 
1994; Cosentino et al., 1995). 

. In monocytes IL-13 can also inhibit the production of 
pro-inflammatory cytokines and antibody-dependent 
cellular cytotoxicity (ADCC) induced by IL-10 and 
IFN-y (de Waal Malefyt et al., 1993; Minty et al., 1993; 
Cosentino et al, 1995). Other anti-inflammatory 
activities include the induction of 15-lipoxygenase 
(Nassar et al., 1994), the induction of IL-1Ra (Muzio et 
al., 1994; Yanagawa et al., 1995), the upregulation of 
thrombomodulin (Herbert et al., 1993), the inhibition 
of nitric oxide production (Doyle et al., 1994), and 
inhibition of tissue factor (Herbert et al., 1993). 

Separate mechanisms appear to mediate the inhibition 
of monocyte responses to LPS by IL-13. Pretreatment of 
peripheral blood monocytes with GM-CSF or M-CSF 
abrogates IL-13 inhibition of lipopolysaccharide (LPS)- 
induced TNF-a but not of IL-1B production (Hart et al., 
1995). Moreover, pretreatment of peripheral blood 
mononuclear cells with IL-4 or IL-13 can augment the 
LPS induction of IL-12 and TNF-a but not IL-1 or IL- 
10 production (D'Andrea et al., 1995). 

The expression of Lsk, a Csk-like tyrosine kinase, is 
induced by IL-13 and may mediate anti-inflammatory 
activity by inhibiting the activation of src-like kinases 
(Musso et al., 1994). 


5.4 OTHER CELL TYPES 


Mast cells respond to IL-13 by inducing c-fos expression 
and increasing ICAM-1 expression, but proliferation of 
mast cell lines and expression of CD117 is inhibited 
(Nilsson and Nilsson, 1995). 

In the presence of IL-13, endothelial cells (HUVEC) 
specifically express VCAM-1. As a consequence, IL-I3 
promotes the adhesion of eosinophils, but not 
neutrophils to the endothelial monolayer (Sironi et æl., 
1994; Bochner et al., 1995). Consistently with its anti- 
inflammatory properties, IL-13 inhibits TNF-a and 
IFN-y induced production of the chemokine RANTES in 
human umbilical vein endothelial cells (HUVECs) 
(Marfaing Koka et al., 1995) and the procoagulant 
activity by HUVECs induced by LPS (Herbert et al., 
1993). 

IL-13 inhibits the production of IFN-y by highly 
purified NK cells but, in contrast, will induce large 
granular lymphocytes to produce IFN-y (Minty et al., 
1993; Zurawski and de Vries, 1994). Polymorphonuclear 
cells upregulate the expression of type I and type II IL-1 
decoy receptors in response to IL-13 (Colotta et al., 
1994). The expression and activity of aminopeptidase 
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N/CD3 and dipeptidase IV/CD26 are increased by IL- 
13 in renal cell carcinomas and tubular epithelial cells 
(Riemann et al, 1995). Osteoblast chemotaxis is 
stimulated by IL-13 (Lind eż al., 1995) and IL-13 
inhibits bone reabsorption by suppressing 
cyclooxygenase-2-dependent prostaglandin synthesis of 
osteoblasts (Onoe et al., 1996). In human mesangial 
cells, IL-13 acts by inhibiting inducible nitric-oxide 
synthase expression (Saura et al., 1996). 


5.5 HEMATOPOIESIS 


Studies of cytokine expression in human bone marrow by 
RT-PCR failed to detect the expression of IL-13 
(Cluitmans et al., 1995), and northern blot analysis of 
mouse bone marrow failed to detect the expression of 
mIL-13R (Hilton e¢ al., 1996). IL-13 induces immature 
human B cell progenitors to express IgE (Punnonen and 
de Vries, 1994) and inhibits leukemic human B cell 
precursor proliferation (Fluckiger et al., 1994). IL-13 
suppresses the propagation of human macrophage 
progenitors (Sakamoto et al, 1995). Murine 
hematopoietic progenitor cells (Lin’, Sca-1") proliferate 
in response to IL-13 (Jacobsen et al., 1994); however, 
IL-I3 knockout mice have normal numbers and 
distribution of hematopoietic lineages (Kirshna et al., 
T995) 


6. IL-13 Receptor 


The human IL-13 receptor has not been fully 
characterized but appears to be composed of at least two 
components, the IL4Ra chain (CDw124) and an IL-13 
binding chain (Callard et al., 1996; Caput et al., 1996; 
Hilton et al., 1996) (Figure 13.4). Evidence suggesting 
that IL-4 and IL-13 share a receptor component arose 
when the IL-4 antagonist IL4.Y124D was also found to 
inhibit cellular responses to IL-13 (Aversa et al., 1993; 
Zurawski et al., 1993; Tony et al., 1994). IL4.Y124D 
can bind almost normally to the IL-4R but causes only 
weak activation and therefore acts as a competitive 
inhibitor to IL-4 (Kruse et al., 1992, 1993; Zurawski et 
al., 1993; Tony et al., 1994). Proliferation of the human 
cell line TF-1 and B cell responses to IL-13 are inhibited 
by IL4.Y124D (Aversa et al., 1993; Zurawski et al., 
1993; Tony et al., 1994). These reports argue that IL-4 
and IL-13 share a receptor subunit. However, IL-13 
does not bind to T cells or to the IL-4Ra subunit 
(Zurawski et al., 1993; Zurawski and de Vries, 1994). 
Therefore, IL-4 and IL-13 have distinct receptors which 
have shared component(s). 

Although IL-13 does not bind to IL-4Ro (Zurawski et 
al., 1993), this subunit appears to be a component of the 
IL-13R. IL-13 can cross-compete for IL-4 binding on 
human, monkey, and mouse tissue types (Obiri et al., 
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Figure 13.4 The putative structure of the human IL-13 receptor. Thick lines indicate the four conserved cysteines of 
the hemopoietic cytokine receptor family. Vertical bars donate the WSXWS motif. The hatched transmembrane 
domain is indicated. 


1995; Vita et al., 1995; Zurawski et al., 1995; Hilton et 
al., 1996) and a subset of blocking IL4Ra antibodies 
inhibit IL-13 activity (Lefort et al., 1995; Lin et al., 
1995; Obiri et al., 1995; Zurawski et al., 1995). The 
IL4Rq@ appears to act as an affinity enhancer for the IL- 
13R (Hilton et al., 1996) and form a major signaling 
subunit of the receptor (Welham et al., 1995; Keegan et 
al., 1996). The properties of the IL4Ra chain are 
addressed more fully in the chapter on IL-4. 

The common receptor y chain (y) has been 
discounted as a likely component of the IL-I3R (He et 
al., 1995; Matthews et al., 1995). B cells from patients 
with X-linked severe combined immunodeficiency (X- 
SCID), a human genetic disease cause by mutations in Y, 
respond normally to IL-4 and IL-I3. Blocking 
antibodies directed against murine y., inhibited mouse 
mast cell line MC/9 responses to IL-4 but not IL-13, 
and transfection studies with y, in the B9 plasmacytoma 
cell line (y) failed to influence responses to IL-13 (He et 


al., 1995). From these experiments it can be concluded 
that y, is not essential for IL-13 responses and is not likely 
to be a component of the IL-13 receptor. 

An IL-13R binding chain has been cloned in humans 
(Caput et al., 1996) and distinct IL-13 binding chain has 
also been cloned in mice (Hilton et al., 199°C) The 
human IL-13R is mRNA transcript is approximately 
1.4 kb long and has a short 3’ untranslated region of 
103 bases. The protein is 380 amino acids long with a 
putative signal peptide of 26 amino acids, a single 
membrane spanning domain, and a short cytoplasmic 
tail. The extracellular domain has four potential sites for 
N-linked glycosylation, a WSXWS motif near the 
membrane domain and a cytokine binding domain with 
four conserved cysteines characteristic of the 
hematopoietic cytokine receptor superfamily. The 
protein migrates on SDS-PAGE gels at ~70 kDa and 
consistently with previous reports indicating that the IL- 
13R migrates on SDS-PAGE at between 60 and 70 kDa 


(Vita et al., 1995; Zurawski et al., 1995). The 1L-13 
receptor 1s expressed in large amounts on human renal 
cell carcinoma cell lines (RCC) but at low levels on 
human B cells and monocytes, and does not cross-react 
with anti y, or anti-I[L4Ro antibodies (Caput et al., 1996; 
Obiri et al., 1995). The 1L-13 receptor described in mice 
(Hilton et al., 1996) is not the human homolog of that 
described by Caput and colleagues (1996). At this time 
the relationship of the 1L-13 receptor described in mice 
to that in humans is not clear. 

The IL-13R complex is also an IL-4 receptor. ln cells 
that respond only to 1L-4 but not to 1L-13, the y, has 
been found to be essential for IL-4 receptor activation. 
Cells that do not express Y. but do respond to IL-13, 
such as X-SC1D B cells, RCC lines, and fibroblasts, also 
respond to 1L-4 (Matthews et al, 1995; Obiri et al., 
1995). Evidence in support of two 1L-4 receptors on 
human B cells has also been reported on the basis of 
binding studies (Foxwell et al., 1989) and the differential 
regulation of slgM and CD23 by 1L-4 (Rigley et al., 
1991). The recent cloning of the mouse IL-13R has 
provided further evidence that the 1L-13R complex is 
also an IL-4 receptor (Hilton et al., 1996). 


7. Signal Transduction 


Signal transduction via the 1L-13 receptor is very similar 
to that for the 1L-4 receptor, presumably owing to the 
contribution of the 1L4Ra@ subunit. 1L-13 induces the 
phosphorylation of JAK1 (Welham et al., 1995; lzuhara 
et al., 1996; Keegan et al., 1996), a p170 now identified 
as IRS-2 or 4PS (Sun et al., 1995; Wang et al., 1995; 
Welham et al., 1995; Keegan et al., 1996), the p85 
subunit of PI3-kinase, and the 1L4Ra (Smertz-Bertling 
mamos hl, 1995: Welham et æl., 1995). IL-13 
stimulates similar transcription factor complexes to those 
that 1L-4 does and activates NF-1L4 (Kohler et al., 1994; 
Lin et al., 1995). Human monocytes release intracellular 
calcium, increase cAMP levels, and activate protein 
kinase C (PKC) in response to 1L-13 (Sozzani et æl., 
1995). 1L-13 does not activate JAK3 (Lin et al., 1995; 
Welham et al., 1995; Keegan et al., 1996). JAK3 has 
been shown to be a signaling component of y, (Russell ez 
al., 1994; Malabarba et al., 1995). The absence of JAK3 
activation by IL-13 is therefore consistent with the 1L- 
13R not utilizing the y, chain. 


8. Murine IL-13 


The murine IL-13 gene has been mapped to the central 
region of chromosome 11 that is syntenic with human 
chromosomes 5q and 17p (McKenzie et al., 1993b). 
Genetic linkage mapping determined that the mIL-13 
locus is linked to the Adral, IL-3, Myhs, and Trp53 loci. 
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The genomic organization of mIL-J3 is similar to that of 
humans and consists of four exons and three introns 
spanning 4.3kb of DNA. Exon 1 contains the 5° 
untranslated region and the first 47 amino acids. Exons 2 
and 3 encode 18 and 35 amino acids, respectively. Exon 
4 encodes the C-terminal 31 amino acid residues and 
contains the 3’ untranslated region. The introns 1, 2, and 
3 are 1258 bp, 576 bp, and 311 bp long, respectively. 

IL-13 has IL-4-like effects on mouse macrophages 
and inhibits the production of pro-inflammatory 
cytokines and macrophage cytotoxicity (Doherty et al., 
1993; Zurawski and de Vries, 1994). Macrophages 
derived im vitro from bone marrow cultured with M-CSF 
(MMO) or GM-CSF (GMM0O) respond to 1L-13. MMO 
and GMMO macrophage survival is promoted by 1L-13; 
however, IL-13 enhances the expression of MHC class I 
and MHC class II antigens on MMO but not on GMMO. 
The expression of FcyR is decreased in both types of 
macrophages but FceR is unaffected by IL-13. The 
generation of NO induced by LPS or IFN-y is inhibited 
by 1L-13 but the generation of NO by MMO 
macrophages is unaffected by 1L-13. 

The differences between 1L-13 activity in mouse and 
human are significant. Murine 1L-13 has no activity on 
mouse B cells, suggesting that the regulation of lgE 
production is different between mouse and man. IL-13 
knockout mice have normal numbers and distribution of 
hematopoietic lineages (Kirshna et al., 1995), indicating 
that its presence is not crucial for hematopoiesis. 

The mlL-13R has been cloned (Hilton et al., 1996) 
and there are two hybridizing transcripts of 2.2 kb and 
5.2 kb in length. Northern blot analysis found that the 
1L-13R mRNA is expressed in a wide variety of tissues 
including spleen, liver, thymus, heart, and lung, but not 
in bone marrow or muscle. On its own, mIL-13R binds 
l1L-13 with a low affinity (K,=2-l10pM) and is 
converted to a high-affinity receptor ( Kp = 75 pM) by IL- 
4Ra. The IL-13R is predicted to encode 424 amino acid 
residues. The extracellular region of the protein contains 
an immunoglobulin-like domain (amino acids 27-117) 
and a typical hematopoietin receptor domain (118-340 
amino acids) which includes the characteristic WSXWS 
motif. The cytoplasmic tail is 60 amino acid residues 
long. Cross-competition binding studies on CTLL-2 
cells transfected with IL-13R found that IL-4 and IL-13 
compete for receptor occupancy, thereby providing 
compelling evidence that the 1L-13R is also an IL-4 
receptor (Hilton et al., 1996). The IL-13R is not 
expressed in mouse B cells. 


9. IL-13 in Disease and Therapy 


IL-13 is a newly discovered cytokine and its role in 
disease has not been explored as thoroughly as it has for 
IL-4. The 1L-13 receptor complex appears to be a second 
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IL-4 receptor (Callard et a/.,1996; Hilton et al., 1996) 
and has a subset of IL-4 activities. This may have 
important implications for IgE production in allergy and 
other diseases associated with IL-4 (see chapter on IL-4). 
The IL-4R and IL-13Rs may have separate functional 
properties that are reflected in different disease states and 
therefore require specific theraputic intervention. 


9.1 ASSOCIATED PATHOLOGIES 


IL-13 has been found expressed in bronchoalveolar 
lavage cells of atopic patients but not in normal controls, 
and allergen-challenged asthmatic and rhinitic patients 
induced a significant increase of IL-13 production 
(Huang et al, 1995). This suggests that IL-13 is 
involved in the regulation of allergen-induced late-phase 
inflammatory responses. 

The spontaneous production of IgE and IgG4 in 
patients suffering from nephrotic syndrome has been 
attributed to IL-13 rather than IL-4 (Kimata et al., 
T295). 


9.2 IL-13 AS AN ANTITUMOR AGENT 


IL-13 has an antiproliferative effect on a number of 
leukemic cell lines im vitro (Fluckiger et al., 1994) and 
IL-13 can mediate antitumor activity im vivo (Lebel- 
Binay et al., 1995). In a mouse tumor model the ix vivo 
production of IL-13 near to the tumor elicited an 
antitumor immunological response by indirectly 
stimulated macrophage and NK cell activity. 


À 
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9.3 IL-13 As A THERAPEUTIC AGENT 


HIV replication in cultured human monocytes and 
macrophages is inhibited by the addition of IL-13 
(Montaner et al., 1993; Denis and Ghadirian, 1994: 
Mikovits et al., 1994); however, replication was found to 
be increased in cultures chronically treated with the 
cytokine (Mikovits et al., 1994). 

In a rat model for autoimmune encephalomyelitis, 
treatment with IL-13 suppressed the disease. The anti- 
inflammatory action of IL-13 suppressed monocyte and 
macrophage activation with no undesirable effects on T 
and B cell function (Cash et al., 1994). 


9.4 “THERAPEUTIC POTENTIAL OF 
ANTI-IL-4R ANTIBODIES AND 
IL4.Y124D 


The IL-4 antagonist IL4.Y124D is also an efficient 
antagonist of IL-13 (Aversa et al., 1993; Zurawski et al., 
1993; Tony et al., 1994), and a subset of blocking 
IL-4Ro antibodies also inhibit responses to IL-13 (Lefort 
et al., 1995; Lin et al., 1995; Obiri et al., 1995; Zurawski 


et al., 1995). These antagonists may prove to have 
therapeutic value in controlling IgE production by B 
cells. However, the peripheral blood of allergic 
individuals contains long-lived allergen-specific B cells 
which have already switched to IgE and are not sensitive 
to IL-4 or IL-13 (Dolecek et al., 1995). Thus, the 
therapeutic use of such antagonists requires investigation. 
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Preface 


This chapter summarizes the literature regarding a 
human B-cell growth factor, originally reported by 
Ambrus et al. (1993), who designated this factor as 
IL-14. However, a recent publication from the group 
(Ambrus et al., 1996) contains a retraction of the 
originally published sequence, thus calling into question 
the exact nature of this protein. 


l. Introduction 


Interleukin-14 (IL-14) is a member of a group of 
molecules called human B cell growth factors (BCGFs) 
(Kehrl et al., 1984; Kishimoto and Hirano, 1988). lt 
was identified during the study of human B cell 
development, which is a multistep maturation process, 
involving activation, proliferation, and differentiation 
into plasma cells accompanied by coordinated 
acquisition and loss of B-lineage differentiation/ 
activation antigens and surface factors. IL-14 was first 
described as a high-molecular-mass B cell growth factor 
(HMW-BCGF) owing to its ability to induce 
proliferation of activated B cells and its inability to 
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stimulate resting B cells. (Ambrus and Fauci, 1985; 
Ambrus et al., 1985; Delfraissay et al., 1986). HMW- 
BCGF has also been found to inhibit antibody synthesis 
or secretion by B cells (Ambrus et al., 1990). In 1993, 
Ambrus and colleagues identified a cDNA for the human 
high-molecular-mass B cell growth factor, which they 
termed interleukin 14 (Ambrus et al., 1993). This 
cytokine has an apparent molecular mass of 50-60 kDa 
and is produced by malignant B cells, as well as by 
normal and malignant T cells (Ambrus and Fauci, 1985; 
Kishimoto et al., 1985; Sahasrabuddhe et al., 1984; 
Delfraissy et al., 1986; Ambrus et al., 1987). Only cells 
of the B cell lineage bear receptors for IL-14 (Ambrus et 
al., 1988; Uckun et al., 1987, 1989). 


2. The Cytokine Gene 


After isolation of the human cDNA clone for IL-14 from 
phytohemagglutinin (PHA)-stimulated Namalva cells, 
the complete sequence was reported (Ambrus et al., 
1993; GenBank accession number L15344). The 1.8 kb 
cDNA of IL-14 has a short (72 bp) 5° untranslated 
region followed by a start signal that does not contain an 
ideal Kozak sequence. There is no further information 
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available concerning chromosomal localization or 
transcriptional control of the IL-14 gene. 


3. The Protein 


The coding sequence comprises 1491 bases, encoding a 
protein of 497 amino acids of a predicted molecular mass 
of 53.1 kDa. There are three potential N-glycosylation 
sites, which is consistent with the observation that 
natural IL-14 is glycosylated (Ambrus and Fauci, 1985). 
At the amino-terminus is a 15-amino-acid signal peptide, 
as expected for a secreted protein (Figure 14.1) IL-14 
has 8% overall sequence homology with the complement 
protein Bb, consistent with antigenic similarities between 
these two proteins (Peters et al., 1988; Ambrus et al., 
1991). There is as yet. no more information about 
protein structure and biochemical features of the IL-14 
protein. 


3.1 CELLULAR SOURCES AND 
BIOLOGICAL ACTIVITIES 


IL-14 is produced by normal T cells, T cell clones, and T- 
lineage as well as B-lineage lymphoma cell lines (Ambrus 
and Fauci, 1985; Ambrus et al., 1985). 

This cytokine delivers a proliferative signal to B cells 
which have been activated zm vivo by Staphylococcus 
aureus Cowan I (SAC), or anti-p 7 vitro (Ambrus and 
Fauci, 1985; Ambrus et al., 1985; Vazquez et al, 1987). 
Owing to these biological features, IL-14 is similar to the 
Bb activation fragment from factor B of the alternative 
pathway of complement, although much higher 
concentrations of Bb than of .IL-14 are required for 
optimal B cell proliferation. Furthermore, IL-14, but not 
Bb, increases cytoplasmic cAMP and cytoplasmic Ca”’, 
leading to enhanced receptor expression. 

IL-14 is present in the effusion fluids of non-Hodgkin 
lymphoma (NHL-B) patients with high tumor cell 
burdens. Freshly isolated NHL-B cells from patients 


1  Caacacctte agadataate ctttgggtga ECECEEGEca atcatttgtg 
51 caggctagag aggcacctgt gaATGATAAG GCTACTGAGA AGCATCATTG 
101 GCCTGGTCCT GGCACTACCA AAGGGCAGGG GAAGCGATGC CCAAGGGGCT 
151 CCTGACCAGC ACATCATCCC ACGCAAAAAC ATTCTCCAGG TCCCTTGTTC 
201 CAGGCAGGAA ATCCCCAGCT CTGAGCGCCC TGCCAGGGCT CTGCCTAGGG 
251 ACACCTTTTC CAGGTCTAGA GAATCAAAGG AGCCTCCAGA GCAGCTAGGA 
301 GGGCCTGAGC TGACCAAGCA AGCCCTGCTC ACAAGACAAA TGCAGTCAAG 
351 ACCTGGGTGT ATTACTTGTC TTGAGCTCTG AAGGGCAGGG AGGGGTCTGA 
401 GCCTCAAATC AGACAGAGAA ATGCTCAAGT CACTTCTGCC AACTCACTGT 
451 GATGGCAGCT ACAGATGACA GCCCCTCTCA AGACTCTTCA GCTCACAGAC 
501 AAGCCACTGA CTTCATCTGT ACACACCCCC ATCCCCAATG CAAGCCCACT 
551 GTACACTTAC AGGTATAAAT GCATTTGCAA GGCCTTGCAA AATGCCCTAT 
601 GTACGTAAAA CTGACCCACA AAATCCAAAA TTGCAAGTGC CAGATGCCAG 
651 CCAGGTCAGA ACATCCTGGC TTCAGCAATG GGCTGCTCAG CATGGGAGCC 
701 TTTTATGGGC CAGGCCTGGC TGGGCTGCCG CTCCCTTCCC AGCATGACCC 
751 AACACCAGGC TCTCTAGGCC CTGGCGGAGG TGGGCTCTTG AGGCCCAGTC 
801 TGGCCTGATG CTTCTGTGCT CGGTGCTCCT GGGTAGCAAG GCGCTTCTGT 
851 GACCCTGGGG GAGCTGGGTG CTTGAGCCCC AGGCCCCTCT GGCCTCCTCT 
901 CAGGGCCACT GTCAGTGAGG GAGCCCTGGC CACCAGCACT CAGGTCCTGT 
951 ACCCTCTTGT TCAGGTCATT GCGCTCTGTC TGCAGTGCCC GGCACAGCTT 
1001 CTCCAGCCGT TGGATTITTA CCTGCAGGCC CTCCAGTTCT TTATCCCGGA 
1051 CTGTTTTCTC CTCAGCCATC TCAAGCAGGG CCTTGTTGCT GCTCTCCCAC 
1101 CGGGACCGGT ACATGGTGGT TTCTTTCTCC AGCTTCTTGA TCTTCTTAGT 
1151 CATCTTTTCC ATCTCCTGCT TGAATGTGGT GAATACCTCG CTGCTTTTGG 
1201 AAAGTGTGTT CTGGAACTCC TCAAACTTCT CTGTGTATAG GGCAAGCTGT 
1251 TGCTTCAGGT GGGTCTCTTG"CTGCTTCATC"AGCTCACAGA TCCTCTGGGA 
1301 CTCTACTGCC TCTTTCAGGA GAAAATCCTT CTCCCGCTGG TGCCGCTCTT 
1351 CTGCCTCCTT TAGCATCTCC TGGGCCTGCT GGAGCTTGGC ATCCACCAGC 
1401 TGCTGTTGTA GGTCCTTGTG TTTGAAGACT TTGTCGATAT GCTCCTCGCG 
1451 CAGCTCATAC TGCTCAATCA GCTTCTTGAG CCTCTCAGCC AGCTCCATGT 
1501 TCTCTTGGCG CAGCTTGGAG TTGCGCTCAT TGTGCTGTTC CATCTGCAGC 
1551 tgaatgtcat tcagtgtcac ctggaagtgce gaggtcacct ccttgegett 
1601 ctcctcctce teccgggece gctgcacace ttcttccttg aggqgageggt 
1651 tgtgcccgtg cagctcacgg cataggctct caagettget gcegggccagg 
1701 acggcttgct gtgctcaccg cgcaggtggt ccttctcttg caccagctgg 
1751 etctgctttt tctgtaqgag cttcatctqe ttctgtqaae tec 


Figure 14.1 


Nucleotide sequence of the IL-14 cDNA. The 3’ and 5’ untranslated regions are indicated in lower case 


letters; capital letters display translated sequences. Bold letters denote the start and stop codons. Sequence 
encoding the signal peptide is underlined, and potential N-glycosylation sites are double underlined. Translation of 
this cDNA sequence using commercial software (Genetic Computer Group, Maddison, Wisconsin, USA) does not 
give rise to the amino acid sequence of IL-14 published by Ambrus et al. (1993); who in fact retracted this sequence 
in a later publication (Ambrus et al., 1996). 
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express IL-14 mRNA, secrete IL-14, and proliferate in 
response to IL- 14, while exogenous IL-14 is also able to 
stimulate NHL-B cell proliferation im vitro. It may 
therefore act as an autocrine as well as a paracrine growth 
factor on NHL-B cell lines and presumably causes NHL- 
B cells to escape from the normal growth regulation 
(Ford et al, 1995). Thus, one might use antisense 
oligonucleotides based on IL-14 for a therapeutic 
approach for aggressive (intermediate and high-grade) 
NHL-B. IL-14 stimulates chronic lymphocytic leukemia 
cell (CLL) colony formation in the absence of 
costimulants, leading to the hypothesis that this cytokine 
is an important hematopoietic growth factor which 
regulates the proliferative activity of clonogenic 
“mature” leukemic B cells in CLL (Uckun et al., 1989). 


4. The Receptor 


Functional IL-14 receptors were detected on activated B 
cells (Butler et al., 1984) and leukemic B cells from 60% 
of CLL cases (Uckun et al., 1989) by use of "I-labeled 
purified IL-14 and a monoclonal antibody (BA-5) 
reactive with the ligand-binding site of the IL-14 
receptor. Cross-linking studies of radioactively labeled 
IL-14 to its receptor on activated B cells or leukemic 
CLL B cells revealed a ~90 kDa receptor molecule. 


5. References 


Ambrus, J.L., Jr and Fauci, A.S. (1985). Human B lymphoma 
cell line producing B cell growth factor. J. Clin. Invest. 75, 
732-739. 

Pombrus, J...) Jr, Jurgensen, C., Brown, E. and Fauci, A. 
(1985). Purification to homogeneity of a high-molecular- 
weight human B-cell growth factor: demonstration of specific 
binding to activated B cells and development of a monoclonal 
antibody to this factor. J. Exp. Med. 162, 1319-1335. 

Ambrus, J.L., Jr, Jurgensen, C., Bowen, D.L., et al. (1987). The 
activation, proliferation, and differentiation of human B 
lymphocytes. In “Mechanisms of Lymphocyte Activation and 
Immune Regulation”, Vol. 213 (eds. S. Gupta, W.E. Paul and 
A.S. Fauci), pp. 163-175. Plenum Press, New York. 

Ambrus, J.L., Jr, Jurgensen, C., Brown, E.J,., MacFarland, P. 
and Fauci, A.S. (1988). Identification of a receptor for high 
molecular weight human B-cell growth factor. J. Immunol. 
141, 660-665. 

Ambrus, J.L., Jr, Chesky, L., Stephany, D., McFarland, P., 
Mostowski, H. and Fauci, A. (1990). Functional studies 
examining the subpopulation of human B lymphocytes 


responding to high molecular weight B cell growth factor. J. 
Immunol. 145, 3949-3955, 

Amoo I.L., Jr, Chesky L., Chused; 1., e al (1991): 
Intracellular signalling events associated with the induction of 
proliferation of normal human B lymphocytes by two 
different antigenically related human B cell growth factors 
and the complement factor Bb. J. Biol. Chem. 266, 
3702-3708. 

Amorus JE Ir, Pippin, J.,. Joseph, Ac, ci ai sles. 
Identification of a cDNA for a human high-molecular-weight 
B-cell growth factor. Proc. Natl Acad. Sci. USA 90, 
6330-6334. 

Ambrus, IL Pippin, s Joseph, An eral (1996). Corr enon 
Proc. Natl Acad. Sa. USA 93, 3154. 

Buter J. Ambris pE ir and Fauci ASs (loss 
Characterization of monoclonal B cell growth factor (BCGF) 
produced by a human T-T hybridoma. J. Immunol. 133, 
251-255. 

Delfraissy, J., Wallen, C., Vazquez, A., Dugas, Bo Dormant, J. 
and Galanaud, P. (1986). B cell hyperactivity in systemic 
lupus erythematosus: selectively enhanced responsiveness to a 
high molecular weight B cell growth factor. Eur. J. Immunol. 
16, 1251-1256. 

Ford, R, Tamayo, A., Martin, B., et al. (1995). Identification of 
B-cell growth factors (interleukin-14; high molecular weight 
B cell growth factors) in effusion fluids from patients with 
aggressive B-cell lymphomas. Blood 86, 283-293. 

Kebri, J.H., Muraguchi, A., Butler, J Falkoff, RK and Fauci. 
(1984). Human B cell activation, proliferation, 
differentiation. Immunol. Rev. 78, 75-96. 

Kishimoto, T. and Hirano, T. (1988). Molecular regulation of B 
lymphocyte response. Annu. Rev. Immunol. 6, 485-512. 

Kishimoto, T., Yoshizaki, K, Okada, M., et al. (1985). Growth 
and differentiation factors and activation of human B cells. In 
“Lymphokines”, Vol. 10 (eds. M. H. Schreier and K.A. 
Smith), p. 15. Academic Press, New York. 

Peters, M., Ambrus, J., Jr, Fauci, A. and Brown, E. (1983833m INE 
Bb fragment of complement factor B acts as a B cell growth 
factor. J. Exp. Med. 168, 1225-1235. 

Sahasrabuddhe, C.G., Morgan, J., Sharma, S., et al. (1984). 
Evidence for an intracellular precursor for human B cell 
growth factor. Proc. Natl Acad. Sci. USA 81, 7902-7906. 

Uckun, F.M., Fauci, A.S., Heerema NA 7 al (19387 TBE 
growth factor receptor expression and B-cell growth factor 
response of leukemic B-cell precursors and _ B-lineage 
lymphoid progenitor cells. Blood 70, 1020-1034. 

Uckun, F.M., Fauci, A.S.. Chandan-Langlie, M., Myers, D-E. 
and Ambrus, J.L. (1989). Detection and characterization of 
human high molecular weight B cell growth factor receptors 
on leukemic B cells in chronic lymphocytic leukemia. J. Clin. 
Invest. 84, 1595-1608. 

Vazquez, A., Autiredou, M-I., Gerard, J.-P., Deliraissy, J.-F. 
and Galanaud, P. (1987). Sequential effect of a high 
molecular weight B cell growth factor and of interleukin 2 on 
activated human B cells. J. Immunol. 139, 2344-2348. 


and 





15 


Interleukin-15 


Claudia Ballaun 
l. Introduction 221 6. The Receptor 223 
2. The Cytokine Gene 221 7. Signal Transduction 224 
3. The Prowin 222 8. Cytokine in Disease and Therapy 225 
4. Cellular Sources and Production 222 I PRE 225 
5. Biological Activities 222 


l. Introduction 


Interleukin-15 (IL-I5) was originally discovered as a T 
cell stimulatory activity present in the culture 
supernatant of a simian kidney epithelial cell line (CV- 
1/EBNA). Biologically active IL-15 was detected in a 
highly enriched fraction of the concentrated culture 
supernatant, being capable of supporting proliferation of 
an IL-2-dependent murine CTLL T cell line (Grabstein 
et al., 1994). This novel mitogen shares many activities 
with IL-2, including growth stimulation of T cells, B 
cells and natural killer (NK) cells, generation of cytolytic 
effector cells, induction of IgM, IgA, and IgG, synthesis, 
and generation of human primary antigen-specific 77 
vitro response (Carson et al., 1994; Giri et al., 1994; 
Grabstein et al., 1994; Armitage et al, 1995). IL-I5 
binds to the B chain of the IL-2 receptor, but requires 
the IL-2 receptor y chain for correct internalization. 
Despite these common features of IL-15 and IL-2, they 
share no significant sequence homology. There are also 
differences in receptor usage, since IL-15 uses an 
additional binding component termed the IL-15 
receptor & chain (Grabstein et al., 1994; Anderson et al., 
1995a; Giri et al., 1995a,b). Considering its properties, 
IL-15 is able to substitute for its “sister” cytokine IL-2 
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as a T cell activator under conditions where only small 
amounts of IL-2 are present. 


2. The Cytokine Gene 


The human IL-15 cDNA was obtained by hybridization 
of the simian IL-15 cDNA to the human stromal cell line 
IMTLH cDNA library (Grabstein et al., 1994; GenBank- 
EMBL accession number U14407). It contains a 5’ 
316 bp noncoding region preceding an open reading 
frame of 486 bp and a 400 bp 3’ noncoding region 
(Figure 15.1). The human gene is mapped to the human 
chromosome 4q3I1. Several other human growth factors 
and cytokine genes map to the same arm of human 
chromosome 4, including epidermal growth factor, 
fibroblast growth factor, the a@-chemokines, and other 
cytokines, including IL-2. The organization of the IL-2 
and IL-I5 gene is very similar and characteristic of the 
helical cytokine family (Anderson et al., 1995; Bazan et 
al., 1992). The murine gene for IL-I5 consists of eight 
exons spanning at least 34 kb and is localized to the 
central region of mouse chromosome 8 (Anderson et al., 
1995). The human contiguous IL-15 sequence of 15 kb 
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1 tgtccggcgce cccccgggag ggaactgggt ggccgcaccc tcccggctgc 
51 4 ggtggctgtc gccccccacc ctgcagccag gactcgatgg agaatccatt 
101 ccaatatatg gccatgtggc tctttggagce aatgttccat catgttccat 
151 gctgctgctg acgtcacatg gagcacagaa atcaatgtta gcagatagcc 
201 agcccataca agatcgtatt gtattgtagg aggcatcgtg gatggatggc 
251 tgctggaaac cccttgccat agccagctct tcttcaatac ttaaggattt 
301 accgtggctt tgagtaATGA GAATTTCGAA ACCACATTTG AGAAGTATTT 
351 CCATCCAGTG CTACTTGTGT TTACTTCTAA ACAGTCATTT TCTAACTGAA 
401 GCTGGCATTC ATGTCTTCAT TTTGGGCTGT TTCAGTGCAG GGCTTCCTAA 
451 AACAGAAGCC AACTGGGTGA ATGTAATAAG TGATTTGAAA AAAATTGAAG 
501 ATCTTATTCA ATCTATGCAT ATTGATGCTA CTTTATATAC GGAAAGTGAT 
551 GTTCACCCCA GTTGCAAAGT AACAGCAATG AAGTGCTTTC TCTTGGAGTT 
601 ACAAGTTATT TCACTTGAGT CCGGAGATGC AAGTATTCAT GATACAGTAG 
651 AAAATCTGAT CATCCTAGCA AACAACAGTT TGTCTTCTAA TGGGAATGTA 
701 ACAGAATCTG GATGCAAAGA ATGTGAGGAA CTGGAGGAAA AAAATATTAA 
751 AGAATTTTTG CAGAGTTTTG TACATATTGT CCAAATGTTC ATCAACACTT 
801 CTtgattgca attgattctt tttaaagtgt ttctgttatt aacaaacatc 
851 actctgctgc ttagacataa caaaacactc ggcatttaaa atgtgctgtc 
901 aaaacaagtt tttctgtcaa gaagatgatc agaccttgga tcagatgaac 
951 tcttagaaat gaaggcagaa aaatgtcatt gagtaatata gtgactatga 
1001 act tetcted gácttťtacttt actcattttt ttaatttatt attgaadatta 
1051 tacatatttg tggaataatg taaaatgttg aataaaaata tgtacaagtg 
1101 ttgtttttta agttgcactg atattttacc tcttattgca aaatagcatt 
1151 tgtttaaggg tgatagtcaa attatgtatt ggtggggctg ggtaccaatg 
T201 ee 


Figure 15.1 


Nucleotide sequence of the human IL-15 cDNA. Nucleotides are numbered according to the sequence 


published by Grabstein et al. (1994). The coding sequence is given in capital letters, untranslated sequences are 
indicated in lower case letters. The “tata”-box and the start- and stop-codons are indicated in bold letters. The 
human genomic !L-15 nucleotide sequence has been deposited under Acc. No. X91233. 


contains six protein-coding exons and the flanking intron 
sequences (EMBL Acc. No. X91233). The overalksize of 
the gene is estimated to be at least 32 kb (Krause et al., 
1996). 


3. The Protein 


The full-length human cDNA clone encodes a 162- 
amino acid (aa) precursor polypeptide containing an 
unusually long 48-aa leader sequence producing a 114-aa 
mature protein after cleavage. The 1L-15 protein has an 
apparent molecular mass of 14-18kDa. Computer 
modeling studies for 1L-15 predicts strong helical 
structures for regions containing aal—15, 18-57, 65-78, 
97-114, and support a four-helix bundle-like structure 
for this protein. IL-15 therefore belongs to the family of 
four-helix bundle-type cytokines, which bind to 
receptors of the hematopoietin superfamily. A three- 
dimensional-model (distance geometry-based homology 
modeling package: FOLDER) suggests two disulfide 
cross-links: Cys*°-Cys®* and Cys*—Cys**, where the latter 
is analogous to the only disulfide bridge in IL-2. There 
are two potential N-glycosylation sites at the carboxy- 
terminus of the IL-15 protein at Asn-79 and Asn-J12 
(Piere 15.2): 


4. Cellular Sources and Production 


In distinct contrast to 1L-2, 1L-15 appears to be expressed in 
a variety of tissues and cell types. Expression of IL-15 mRNA 
was detected in several human tissues, being most abundant 
in placenta and skeletal muscle, adherent peripheral blood 
mononuclear cells, and epithelial and fibroblast cell lines. 
Activated peripheral blood T lymphocytes, a rich source of 
IL-2 and IFN-y, express no detectable IL-15 mRNA, nor do 
B lymphoblastoid cell lines; instead IL-15 appears to be 
synthesized by monocytes/macrophages (Grabstein et al., 
1994). Human bone marrow (BM)-derived stromal cells 
express IL-15 transcripts, and supernatants from long-term 
BM stromal cell cultures contain 1L-15 protein (Mrozek et 
al., 1996). The differences in expression patterns, especially 
the expression of IL-15 in nonlymphoid tissues, suggests 
that IL-15 may have other functions in vivo, in addition to 
promoting the growth and functional activation of 
lymphocytes. 


5. Biological Activities 


Purified recombinant IL-15 stimulates the proliferation 
of CTLL cells and phytohemagglutinin (PHA)- 
stimulated peripheral blood T lymphocytes, to the same 
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Figure 15.2 Deduced amino acid sequence of the human IL-15 protein. Two potential N-glycosylation sites are 
indicated. Cysteine residues, important for disulfide cross-links are blocked circled. 


extent as IL-2 and with similar potency (Grabstein et al., 
1994). It is also reported that IL-15 stimulates tumor- 
derived activated T cells in culture (TDAC, also referred 
to as tumor infiltrating lymphocytes) in a dose- 
dependent manner, alone or in the presence of IL-2. IL- 
15 doubled the level of secreted IFN-a~ and GM-CSF, 
implying that this cytokine is capable of stimulating the 
growth of TDAC that have antitumor activity (Lewko et 
a 1995): 

Like 1L-2, IL-15 induces proliferation of activated, 
but not resting, B cells and induces secretion of IgM, 
IgG, and IgA in combination with recombinant CD40- 
ligand (Armitage et al., 1995). It was also shown that IL- 
15 stimulates locomotion of human T lymphocytes, 
causing them to accelerate and to move directionally, 
implying that this cytokine is a more powerful 
chemoattractant than IL-8 or MIP-lœ (Wilkinson and 
Liew, 1995). 

IL-15 is able to induce CD34* hematopoietic 
progenitor cells to differentiate into CD37 CD56" NK 
cells (Mrozek et al., 1996). CD56*” NK cells display a 
weak proliferative but strong cytotoxic response to IL-15 
indistinguishable from IL-2. Its ability to induce NK 
cytotoxic activity is not mediated by IL-2, because 
neutralizing antibodies to IL-2 did not inhibit the 
activation of NK cells by IL-15. Moreover, results of 
preliminary murine models suggest that IL-15 is also a 
potent enhancer of NK activity in vivo (Carson et al., 
1994). In fact, resting human NK cells express IL-15 Ra 
mRNA and further, picomolar amounts of IL-15 can 
sustain NK cell survival for up to 8 days in the absence of 
serum and other certain cytokines (Carson et al., 1997). 


The combination of 1L-2 with IL-15 never produced an 
additive or synergistic response, demonstrating that IL-2 
and IL-15 are mutually redundant. ln granulated metrial 
gland (GMG) cells which differentiate in situ in the 
mouse pregnant uterus into NK-like cells, IL-15 and its 
cognate receptor are expressed and moreover 1L-15 is 
able to induce the expression of the cytolytic mediators 
perforin and granzymes (Ye et al., 1996). 

Corresponding to its high expression in skeletal 
muscle tissue, IL-15 was found to stimulate muscle- 
specific myosin heavy-chain accumulation by differen- 
tiated myocytes and muscle fibers in culture (Quinn et 
Dis 1995). 

In human skin, constitutive expression of IL-I5 is 
confined to the dermis. Following UVB treatment, IL- 
15 mRNA was induced in epidermal sheets and enhanced 
in dermal sheets. The fact that skin cells can secrete UVB- 
inducible IL-15 supports a pro-inflammatory T cell 
activating role for UVB radiation (Mohamadzadeh et al, 
T925: 


6. The Receptor 


Cell surface receptors for IL-15 are expressed on a 
variety of T cells, such as murine antigen-dependent T 
cell clones, and human and murine T cell lines, which 
also express IL-2 receptors (IL-2R). Low numbers of 
high-affinity IL-15 receptors (IL-15R) were detected on 
NK cells and activated peripheral blood mononuclear 
cells (PBMC), while activation of fresh monocytes and 
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T cell lines leads to expression of a higher number of 
receptors for IL-I5. In addition to cells of lymphoid 
origin, receptors for IL-15 are also detected on fresh 
human venous endothelial cells, which do not bind 
IL-2. The human IL-2R 6 chain alone is not able to 
bind 1L-15 under physiological conditions and the y 
chain is required in addition to the B chain for IL-15 
binding (Giri et al., 1994). The fact that IL-15 was able 
to bind to B-LCLs (Epstein-Barr virus-transformed B 
lymphoblastoid cell lines) established from X-SCID (X- 
linked severe combined immunodeficiency) patients 
lacking cell surface expression of the y chain suggested 
the existence of another IL-15-specific binding molecule 
(Kumaki et al, 1995). Indirect evidence for an 
additional binding site for IL-15 has been also derived 
from the observation that IL-2 only partially inhibits 
IL-15 binding to the human NK cell line YT (Giri et aL., 
1994). Another indication for the existence of 
additional IL-15 binding molecules was seen in murine 
cells, which express fully functional IL-2Rs but were not 
able to bind or respond to human recombinant or 
simian-derived IL-15 (Giri et al., 1994). A distinct 
murine 1L-15R o chain (Giri et al., 1995a,b) and the 
human analogue (Anderson et al., 1995) have been 
characterized. The IL-15R o chain is structurally related 
to the IL-2R a chain, defining a new cytokine receptor 
family, but in contrast to the IL-2R © chain it contains 
just one Sushi domain. This Sushi domain seems to be 









an essential element for specific 1L-15 binding to its 
receptor. The cytoplasmic domain of the 1L-15R o 
chain is dispensable for IL-15 signaling, as is true for the 
IL-2R œ chain (Anderson et al, 1995) (Figure 15.3). A 
biologically functional heterotrimeric IL-15R complex, 
consisting of IL-2RB, IL-2Ry, and IL-15Ra, capable of 
mediating IL-15 responses, was generated through 
reconstruction experiments in a murine myeloid cell. 
IL-15Ra alone displays a 1000-fold higher affinity for 
IL-15 binding than does IL-2Ra for IL-2 (Anderson et 
al., 1995). Such a high-affinity binding protein might 
either serve to remove IL-15 from effective action or, 
conversely, serve as a source of presentation of IL-15 to 
neighboring populations of cells capable of responding 
to it. The distribution of IL-15 and IL-15R @ chain 
mRNA suggests that IL-15 may have biological 
activities distinct from IL-2, as well as additional 
activities outside the immune system. 


7. Swgnal Transduction 


For signal transduction in B cells, IL-15 requires the B 
and y chains of the 1L-2 receptor complex, but does not 
use the IL-2R o chain. Capacity for signal transduction 
was shown by induction of mRNA expression for c-myc, 
c-fos, and c-jun protooncogenes (Giri et al., 1994). 


sushi 
domain 214aa 232a Spe om 
Linker domain 
Pro/Thr 
rich region w 
ARR Qaa ros aa RF 292a Y aapa rae 
| 86aa | 
IL-15Ra q 
IL-2Ry 
- Intracellular 
286aa domain 
i 
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Figure 15.3 Schematic model for the IL-15 receptor. The three components of the IL-15 receptor, IL-2R8,y, and 
IL-15Ra are outlined. The various regions of the IL-15Ra, the Pro/Thr-rich region (proline/threonine-rich region), and 
the sushi domain (short consensus repeats) are indicated. 
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Studies of the role of shared receptor motifs and 
common STAT (signal transducer and activation of 
transcription) proteins revealed that IL-15 activates 
STAT3 and STATS proteins, highlighting the 
redundancy of cytokine action mediated by IL-2, IL-7, 
weel abin eed, 1995); S as well as IL-2, 
IL-7, and IL-4, rapidly stimulates the tyrosine 
phosphorylation of the signaling molecules insulin 
‘receptor substrate IRS-1 and IRS-2 in human peripheral 
blood T cells, NK cells, and lymphoid cell lines, 
indicating that IRS-1 and IRS-2 may have important 
roles in T lymphocyte activation (Johnston et al., 1995). 
The requirement for IL-2R y chain participation in IL-15 
binding and signaling is significant in view of the finding 
that a mutation in the IL-2R y chain results in X-linked 
severe combined immunodeficiency in humans (Noguchi 
et al., 1993). Considering that the B chain and the Yy 
chain of the IL-2R are physically associated with the 
tyrosine kinases JAK1 and JAK3 (Russell et al., 1994), 
and kinases of the src-family with the B chain of the IL- 
2R (Taniguchi and Minami, 1993), the utilization of IL- 
2R8,y by IL-15 implies some common signaling 
pathways of IL-15 and IL-2. Another distinct signal 
transduction pathway has been reported in mast cells. IL- 
15 induces mast cell proliferation in the absence of IL- 
2Ra,B and does not induce the IL-2Ry, as demonstrated 
by transfectants of these cells with a truncated mutant of 
IL-2Ry. Moreover, the mast cell IL-15 receptors recruit 
JAK2 and STATS instead of JAK] /3 and STAT3 /5, that 
are activated in T cells (Tagaya et al., 1996). 


8. Cytokine in Disease and Therapy 


IL-15 triggers the proliferation of freshly isolated 
leukemic cells obtained from patients with chronic 
lymphoproliferative disorder (CLD) but not normal 
resting B lymphocytes (Trentin et æl., 1996). This 
observation proposes that leukemic B cell proliferation 1s 
probably better related to the presence of a distinct 
receptor structure (IL-2R subunits) that is fully 
functional to transduce stimulatory signals, rather than to 
differences in terms of B cell subsets. 

By its ability to recruit and activate T lymphocytes into 
the membrane by chemoattraction during a chronic 
inflammatory disease (rheumatoid arthritis), it has been 
demonstrated that IL-15 plays a biological role in a 
pathological setting (McInnes et æl., 1996). Current 
therapies directed against T cells in rheumatoid arthritis 
demonstrate encouraging improvements in disease 
activity. IL-15 might be a useful target for future 
therapeutic intervention in rheumatoid arthritis. 

The new cytokine IL-15 may also play an important 
role in antitumor immunity with a possible use for cancer 
immunotherapy. In vitro studies have shown that IL-15 
is able to induce CTL and lymphokine-activated killer 
(LAK) cell activity in peripheral blood mononuclear cells 


against known tumor targets from normal donors. 
Gamero and colleagues (1995) demonstrated that IL-15 
is able to induce LAK activity in lymphocytes from 
metastatic melanoma patients to kill autologous 
melanoma tumor cells from fresh tumor biopsies. 
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16. Interleukin-l6 


Anthony R. Mire-Sluis 


Interleukin-16 (IL-16) was originally described as a 
lymphocyte chemoattractant factor (LCF) (Center and 
Cruikshank, 1982; Cruikshank and Center, 1982). IL-16 
is produced from CD8* T cells induced by lectins, 
histamine or serotonin (Berman et al., 1985; van Epps et 
al., 1983; Laberge et al., 1996). IL-16 is also produced 
from CD4° T cells on stimulation with lectins, antigen, 
or anti CD3 antibodies (Center et al., 1996) as well as 
from eosinophils (Lim et al., 1996) epithelial cells 
(Bellini et al., 1993; Center et al., 1996) and mast cells 
(Rumsaeng etal., 1997). 

The cDNA for IL-16 was originally found to result in 
mRNA that contains 3° AUUUA sequences, two 
polyadenylation sites but no leader sequence 
(Cruikshank et al., 1994). IL-16 mRNA appears to be 
present constitutively in both subsets of T cells and has a 
half-life of 2 h (Labege et al., 1995, 1996), although only 
CD8 cells appear to contain preformed biologically active 
tetrameric IL-16 (Labege et al., 1996). The preformed 
IL-16 in CD8 cells is released on activation without the 
requirement of de novo protein synthesis. The 
chromosomal location of the IL-16 gene is on 15q26.1 
(Center ct al., 1996). 

IL-16 protein has been suggested to consist of a 
56kDa homotetramer of 14-17 kDa 130-amino-acid 
monomers and has a pI of 9.1 (Cruikshank and Center, 
1982; Cruikshank et al., 1994). There appears to be 
some controversy whether the monomers result from a 
much larger precursor that could arise from a different 
cDNA than that described and an 80 kDa protein has 
been identified in nonactivated CD4 cells that cross- 
reacts with antisera to the 14 kDa monomer (Bazan and 
Schall, 1996; Bannert et al., 1996; Center et al., 1996; 
Cruikshank et al., 1996). Recloning of the IL-16 cDNA 
revealed a 2.6kb mRNA producing a deduced 67- 
80 kDa protein proform of IL-16 that is subsequently 
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cleaved to lower molecular weight forms as yet not clearly 
defined (Baier et al., 1997) (Figures 16.1 and 16.2). 

IL-16 chemoattracts CD4 T cells, monocytes and 
eosinophils (Cruikshank and Center, 1982; Cruikshank 
et al. 1987; Rand et al JO9l) TE IC issalceman 
activating factor for CD4 T cells, inducing the expression 
of the IL-2 receptor and HLA-DR surface antigen 
(Cruikshank et æl., 1987). IL-16 also stimulates HLA- 
DR expression on monocytes (Cruikshank et al., 1987) 
and eosinophil adhesion molecule expression (Wan et æl., 
T995). 

The receptor for IL-16 is the 55 kDa CD4 molecule 
(Berman et al., 1958; Cruikshank ef al., 1991). CD4 
contains an extracellular domain containing four 
immunoglobulin-like domains and a short 37-amino- 
acid intracellular domain (Figure 16.3) (Maddon et al., 
1985); 

CD4 is present on a subpopulation of T cells as well as 
eosinophils and monocytes (Reinherz et al., 1979; 
Steward et al., 1986; Lucey et al., 1989). It has been 
shown that the binding of IL-16 to CD4 mediates its 
biological activity (Rand et al., 1991; Ryan et al., 1995). 

Ligation of CD4 with IL-16 on T cells results in 
inositol lipid turnover, increases in intracellular calcium, 
and autophosphorylation of p56 (Cruikshank et al., 
1991; Ryan et al., 1995). 

IL-16 has been shown to be produced in 
inflammatory conditions such as asthma and sarcoidosis 
(Bellini et al., 1993; Cruikshank et al, 1995; Center et 
al., 1996; Laberge et al., 1997). IL-16 may have a useful 
role in AIDS as it has been shown to prevent HIV 
binding to CD4 and infecting cells (Baier et al., 1995), 
is increased in nonprogressive HIV infection (Scala et 
al., 1997) and is able to repress HIV-1 promoter activity 
(Maciaszek et al., 1997) and mRNA expression (Zhou et 
11997 |. 
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120 


CTGCTGCTACCACAGGAAGACACAGCAGGGAGAAGCCCTAGTGCCTCTGCCGGCTGCCCAGGACCTGGTATCGGCCCACAGACCAAGTCCTCCACAGAGGGCGAGCCAGGGTGGAGAAGA 
240 


GCCAGCCCAGTGACCCAAACATCCCCGATAAAACACCCACTGCTTAAGAGGCAGGCTCGGATGGACTATAGCTTTGATACCACAGCCGAAGACCCTTGGGTTAGGATTTCTGACTGCATC 
360 


AAAAACTTATTTAGCCCCATCATGAGTGAGAACCATGGCCACATGCCTCTACAGCCCAATGCCAGCCTGAATGAAGAAGAAGGGACACAGGGCCACCCAGATGGGACCCCACCAAAGCTG 
480 


GACACCGCCAATGGCACTCCCAAAGTT TACAAGTCAGCAGACAGCAGCACTGTGAAGAAAGGTCCTCCTGTGGCTCCCAAGCCAGCCTGGTTTCGCCAAAGCTTGAAAGGTTTGAGGAAT 
600 


CGTGCTTCAGACCCAAGAGGGCTCCCTGATCCTGCCTTGTCCACCCAGCCAGCACCTGCTTCCAGGGAGCACCTAGGATCACACATCCGGGCCTCCTCCTCCTCCTCCTCCATCAGGCAG 
720 


AGAATCAGCTCCTTTGAAACCTTTGGCTCCTCTCAACTGCCTGACAAAGGAGCCCAGAGACTGAGCCTCCAGCCCTCCTCCGGGGAGGCAGCAAAACCTCTTGGGAAGCATGAGGAAGGA 
840 


l 
CGGTTTTCTGGACTCTTGGGGCGAGGGGCTGCACCCACTCTTGTGCCCCAGCAGCCTGAGCAAGTACTGTCCTCGGGGTCCCCTGCAGCCTCCGAGGCCAGAGACCCAGGCGTGTCTGAG 
960 


TCCCCTCCCCCAAGGCGGCAGCCCAATCAGAAAACTCTCCCCCCTGGCCCGGACCCGCTCCTAAGGCTGCTGTCAACACAGGCTGAGGAATCTCAAGGCCCAGTGCTCAAGATGCCTAGC 
1080 


CAGCGAGCACGGAGCTTCCCCCTGACCAGGTCCCAGTCCTGTGAGACGAAGCTACTTGACGAAAAGACCAGCAAACTCTATTCTATCAGCAGCCAAGTGTCATCGGCTGTCATGAAATCC 
1200 


TTGCTGTGCCTTCCATCTTCTATCTCCTGTGCCCAGACTCCCTGCATCCCCAAGGAAGGGGCATCTCCAACATCATCATCCAACGAAGACTCAGCTGCAAATGGTTCTGCTGAAACATCT 
1320 


GCCTIGGACACAGGGTTCTCGCTCAACCTTTCAGAGCTGAGAGAATATACAGAGGGTCTCACGGAAGCCAAGGAAGACGATGATGGGGACCACAGTTCCCTTCAGTCTGGTCAGTCCGTT 
ATCTCCCTGCTGAGCTCAGAAGAATTAAAAAAACTCATCGAGGAGGTGAAGGTTCTGGATGAAGCAACA TTAAAGCAATTAGACGGCATCCATGNCACCATCTTACACAAGGAGGAAGGT 
GCTGGTCTTGGGTTCAGCTTGGCAGGAGGAGCAGATCTAGAAAACAAGGTGATTACGGTTCACAGAGTGTTTCCAAATGGGCTGGCCTCCCACGAAGGGACTATTCAGAAGGGCAATORG 
GPTIGTPICCATCAACGGCAAGTCTCTCAAGGGGACCACEGACCATGATECCTIGGEAATCCTCCGCCAAGOTCGAGAGCCCAGGCAAGCTOTGATIGTCACANGGAAGCTOA CHORES 
GCCATECCTGACCTCAACTCCTCCACTGACTCTGCAGCCTCAGCCTCTGCAGCCAGTGATGTTTCTGTAGAATCTACAGCAGAGGCCACAGTCTGCACGGTGACACTGGAGAAGATGnCG 
ECAGGECTEGGCTTCAGCCTGGAAGCAGGGAAGGGCTCCCTACACGGAGACAAGCCTCTCACCATTAACAGGATTTTCARAGGAGCAGCCTCAGAACAAAGTGAGACAGTCCAGCOTEEA 
GATGAAATCTTGCAGCTGGGTGGCACTGCCATGCAGGGCCTCACACGGTTTGAAGCCTGGAACATCATCAAGGCACTGCCTGATGGACCTGTCACGATTGTCATCAGGAGAAAAAGCTC 
PERRO Conn On Ch MICE RCACTCOT EC 


Figure 16.1 Nucleotide sequence of the IL-16 precursor cDNA. The two possible initiation codons are underlined. 
The ATG that was originally believed to mark the beginning of the 390 bp IL-16 coding region is marked by a black 
bar. The location of the splice junction where in some cDNAs short intervening sequences have been found is 
identified by a triangle. With kind permission from M. Baier. 
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MetAspTyrSerPheAspThrThrAlaGluAspProTrpValArgIleSerAspCysIle 
Ly sAsnLeuPheSer ProIleMet SerGluAsnHisGlyHisMet ProLeuG1nProAsnAlaSerLeuAsnGluG1luGluGlyThrG1nGlyHisProAspGlyThrProProLysLeu 
AspThrAlaAsnGlyThrProLysvalTyrLysSerAlaAspSerSerThrValLysLysGlyProProvalAlaProLysProAlaTrpPheArgGlnSerLeuLysGlyLeuargaAsn 
ArgAlaSerAspProArgGlyLeuProAspProAlaLeuSerThrGlnProAlaProAlaSerArgG1luHisLeuGlySerHisI1eargAlaSerSerSerSerSerSerlleArgGln 
ArgI leSerSerPheG1uThr PheGlySerSerGlnLeuProAspLysGlyAlaGlnArgLeuSerLeuG1nProSerSerGlyGluAlaAlaLysProLeuGlyLysHisGluGluGly 
ArgPheSerGlyLeuLeuGlyArgGlyAlaAlaProThrLeuVa1ProG1nG1nProGluG1nValLeuSerSerGlySerProAlaAlaSerG1luAlaArgAspProGlyValSerGlu 
SerProProProArgArgG1nProAsnGlnLysThr LeuProProGlyProAspProLeuLeuArgLeuLeuSerThrG1nAlaGluGluSerGl1nGlyProvalLeuLysMet ProSer 
GinArgAlaargSer Phe ProLeuThrArgSerG1nSerCysGluThrLysLeuLeuAspGlyLysThrSerLysLeuTyrSer1leSerSerGlnvalSerSerAlavalMetLysSer 
LeuLeuCysLeuProSerSerlleSerCysAlaGlnThrProCysIleProLysGluHlyAlaSerProThrSerSerSerAsnGluAspSerAlaAlaAsnGlySerAlaGluThrSer 
AlaLeuAspThrGlyPheSerLeuAsnLeuSerGluLeuargGluTyrThrGluGlyLeuThrG1ua laLysG1uAspAspAspG1yAspHisSerSerLeuG1nSerGlyGlnServal 
11eSerLeuLeuSerSerGluGluLeuLysLysLeul1eGluGluval LysVa1LeuAspG1uA laThrLeuLysGlnLeuAspGly 11eHisvalThrileLeutisLys¢1luGluGly 
AlaGlyLeuGlyPheSerLeuAlaGlyGlyAlaAspLeuGluAsnLysValI1leThrvalHisArgval PheProAsnGlyLevAlaSerG1nGluGlyThr1leGlnLysGlyAsnGlu 
ValLeuSerIleAsnglyLysSerLeuLysGlyThrThrHi sHisAspAlaLeuAlalleLeuArtGl1nAlaArgGluProArgG1nAlaValIlevalThrArgLysLeuThrProGlu 
AlaMet ProAspLeuAsnSerSerThrAspSerAlaAlaSerAlaSerAlaAlaSerAspValSerValGluSerThrAlaG1uAlaThrvalCysThrvalThrLeuGluLysMetSer 
AlaGly LeuGlyPheSerLeuGluGlyGlyLysGlySerLeuHisGlyAspLysProLeuThr1]eAsnArgI1ePheLysGlyAlaAlaSerGluG1nSerGluThrValG1nProGly 
AspGlul]eLeuGlnLeuGlyGlyThralaMetG1nGlyLeuThrArgPheGluAlaTrpAsnIleI1leLysAlaLeuProAspGlyProValThrIleval IleargargLysSerLeu 


GlnSerLyGluThrThrAlaAlaGlyAspSer 


Figure 16.2 Deduced amino acid sequence of the IL-16 precursor CDNA. Two possible amino acids starts and a 
putative cleavage site at Asp 510 are underlined. With kind permission from M. Baier. 
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55 kDa 
Figure 16.3 The structure of the IL-16 receptor, CD4. 
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l. Introduction 


Hematopoiesis is controlled by specific growth factors, 
glycoproteins that act on cells at various stages in the 
hematopoietic cascade to produce mature hematopoietic 
cells. One factor that has been isolated, purified, cloned, 
and produced in commercial quantities is granulocyte 
colony-stimulating factor (G-CSF), a protein that acts on 
the neutrophil lineage to stimulate the proliferation, 
differentiation, and activation of committed progenitor 
cells and functionally active mature neutrophils. A 
distinctive property of G-CSF that distinguishes it from 
other colony-stimulating factors and facilitated its 
purification, molecular cloning, and large-scale 
production in prokaryotic cells is its ability to induce 
terminal differentiation of a murine leukemic cell line 
(WEHI-3B). After observing that serum from endotoxin- 
treated mice was capable of causing the differentiation of 
a WEHI-3B myelomonocytic leukemic cell line, Metcalf 
(1980) named the molecules GM-DF or granulocyte- 
macrophage differentiating factor. Further analysis 
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showed that this serum contained G-CSF as well as 
granulocyte-macrophage colony-stimulating factor (GM- 
CSF). Nicola and colleagues (1983) were able to further 
purify G-CSF from medium conditioned by lung tissue of 
endotoxin-treated mice. This G-CSF was able to 
stimulate WEHI-3B”* cells as well as normal cells, 
supporting the formation of numerous small, neutrophil- 
containing colonies at a concentration similar to that 
needed for WEHI-3B differentiation (Nicola, 1989). 
Subsequently, murine G-CSF was partially purified as a 
protein and was shown to have differentiation-inducing 
activity for WEHI-3B™ as well as granulocyte colony- 
stimulating activity in bone-marrow cells (Nicola et al., 
1983). Other researchers, notably Asano and colleagues 
(1980) and Welte and colleagues (1985), found several 
human carcinoma cells that constitutively produce 
colony-stimulating factors, and one of these factors was 
purified to apparent homogeneity from the conditioned 
medium of bladder carcinoma 5637 cells (Welte et al., 
1985) or squamous carcinoma CHU-2 (Nomura et al., 
1986). As the purified colony-stimulating factor could 
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selectively stimulate specific neutrophilic granulocyte- 
colony formation from bone marrow cells, it was 
concluded that this factor was the human counterpart to 
mouse G-CSF. The protein initially identified as G-CSF 
was also called CSF-B and pluripoietin (pCSF). 

The study of G-CSF progressed to the purification and 
molecular cloning of both murine and human forms and 
then to the first clinical trials of G-CSF in cancer patients 
(Bronchud et al., 1987; Gabrilove et al, 1988a,b; 
Morstyn et al., 1988, 1989). Because of its unique 
biological activities, recombinant human (rh)G-CSF is 
used for the reversal or amelioration of neutropenias of 
various causes, for increasing cancer chemotherapy doses, 
and for hematopoietic stem cell transplantation. 


2. The Cytokine Gene 


The mouse G-CSF gene is on murine chromosome 11, 
the same chromosome that encodes for GM-CSF and IL- 
3 (Nagata, 1989). The human gene is on chromosome 
17 (Platzer, 1989) which is homologous to mouse 
chromosome 11. In both human and mouse, one 
chromosomal gene exists per haploid genome. It is worth 
noting that in humans the colony-stimulating factors do 
not represent a gene “family”, and while genes for IL-3, 
GM-CSF, monocyte colony-stimulating factor (M-CSF), 


and M-CSF receptor are all located at a rather small 
region of human chromosome 5q, the gene encoding for 
G-CSF is on chromosome 17. 


2.1 GENE SEQUENCE 


The chromosomal genes for G-CSF were isolated from 
human and mouse gene libraries and characterized by 
nucleotide sequence analysis. The encoding regions of 
human and mouse G-CSF genes are approximately 2500 
nucleotides (Nagata et al., 1986; Tsuchiya et al., 1987). 

The genes encoding the amino acid sequence of G- 
CSF were isolated independently from different tissue 
sources. The first, Souza and colleagues (1986), isolated 
a G-CSF cDNA from a bladder carcinoma cell line that 
coded for a predicted amino acid sequence of 174 amino 
acids. Nagata and colleagues (1986) reported a G-CSF 
cDNA from a squamous cell line that encoded for a 
polypeptide of 177 amino acids. The nucleotide 
sequence of G-CSF cDNA is given in Figure 17.1 
(Nagata et al., 1986; Souza et al., 1986). 

Murine and human G-CSF genes do not show any 
close homology to any other known gene sequences. 
There is, however, some rather weak sequence homology 
to the human IL-6 gene (also known as B cell stimulatory 
factor-2, hepatocyte-stimulating factor, or IFN-B2) and a 
rather strong similarity in exon size and distribution (but 
not in intron size) (Yasukawa et al., 1987). 


GGGGACAGGCTTGAGAAT CCCAAAGGAGAGGGGCAAAGGACACTGCCCCCGCAAGT CTGCCAGAGCAGAGAGGGAGACCCCGACTCAGCTGCCACTICCC 100 
CACAGGCTCGTGCCGCTTCCAGGCGTCTATCAGCGGCTCAGCCTTTGTTCAGCTGTICTGTTCAAACACTCTGGGGCCATTCAGGCCTGGGTGGGGCAGC) 200 
GGGAGGAAGGGAGTTTGAGGGGGGCAAGGCGACGTCAAAGGAGGAT CAGAGATTCCACAATTTCACAAAACTTTCGCAAACAGCTTTITGTTCCAACCCC 300 
CCTGCATTGTCTTGGACACCAAATTTGCATAAATCCTGGGAAGTTATTACTAAGCCTTAGTCGTGGCCCCAGGTAATTTCCTCCCAGGCCTCCATGGGGT 400 
-30 
a Met Ala Gly Pro Ala Thr Gin 
TATGTATAAAGGGCCCCCTAGAGCTGGGCCCCAAAACAGCCCGGAGCCTGCAGCCCAGCCCCACCCAGACCC ATG GCT GGA CCT GCC ACC CAG 493 
-20 
Ser Pro Met Lys Leu Met A 
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ACATGGAGGGAGGGGAAAGACCAGAGAGTCGGGGAGGACCCGGGAAGGAGCGGCGACCCGGCCACGGCGAGTCTCACTCAGCATCCTTCCATCCCCAG 
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40 50 60 

Cys Ala Thr Tyr Lys Leu Cys His Pro Glu Glu Leu Val Leu Leu Gly His Ser Leu Gly Ile Pro Trp Ala Pro 

TGT GCC ACC TAC AAG CTG TGI CAC CCC GAG GAG CTG GTG CTG CTC GGA CAC TCT CTG GGC ATC CCC TGG GCT CCC 
70 


Leu Ser Ser Cys Pro Ser Gin Ala Leu Gin Leu 
CTG AGC AGC TGC CCC AGC CAG GCC CTG CAG CTG GTGAGTGTCAGGAAAGGATAAGGCTAATGAGGAGGGGGAAGGAGAGGAGGAACACC 


Ala Gly Cys 
CATGGGCTCCCCCATGTCTCCAGS7~ CCAAGCTGGGGGCCTGACGTATCTCAGGCAGCACCCCCTAACTCTICCGCTCTGTCTCACAG GCA GGC TGC 
80 90 
Leu Ser Gin Leu His Ser Gly Leu Phe Leu Tyr Gin Gly Leu Leu Gln Ala Leu Glu Gly Ile Ser Pro Glu Leu 
TTG AGC CAA CTC CAT AGC Goc CTT TTC CIC TAC CAG GGG CTC CTG CAG GCC CTG GAA GGG ATC TCC CCC GAG TTG 
100 110 120 
Gly Pro Thr Leu Asp Thr -eu Gin Leu Asp Val Ala Asp Phe Ala Thr Thr Ile Trp Gin Gin 
GGT CCC ACC TTG GAC ACA CTG CAG CTG GAC GTC GCC GAC TTT GCC ACC ACC ATC TGG CAG CAG GTGAGCCTIGTTIGGGC 
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140 150 
Gin Gly Ala Met Pro Ala Phe Ala Ser Ala Phe Gin Arg Arg Ala Gly Gly Val Leu Va) Ala Ser His Leu Gin 
CAG GGT GCC ATG CCG GCC TTC GCC TCT GCT TTC CAG CGC CGG GCA GGA GGG GTC CTG GTT GCC TCC CAT CTG CAG 
160 170 

Ser Phe Leu Glu Val Ser Tyr Arg Val Leu Arg His Leu Ala Gin Pro 
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Figure 17.1 


The nucleotide sequence of the G-CSF gene. The dashed box represents the consensus 


decanucleotide also found in other CSF promoters. The TATA sequence is overlined; the polyadenylation signal is 
underlined. The putative site for transcription initiation is indicated by an asterisk. The boxed nucleotides depict the 
start of the mature portion of the protein (Nagata et al., 1986b). 


2.2 INTRONS AND EXONS 


The chromosomal genes for murine and human G-CSF 
consist of five mRNA-encoding exons separated by four 
introns (Nagata, 1989). At the end of exon 2 of the 
human G-CSF gene, two 5’ splice-donor sequences are 
arranged in tandem, and two different human G-CSF 
mRNAs can be produced using alternative sequences. 
The five exons are illustrated in Figure 17.2a. Although 


coding regions of the exons are highly conserved between 
murine and human, as is the 5’ flanking region, there is 
little sequence homology in the intron. Unlike the human 
gene, the murine gene does not contain a second splice 
donor site in exon 2, so that only one spliced mRNA is 
produced. The single-copy murine gene for G-CSF has 
been mapped to the distal half of chromosome 11 
(homologous to human chromosome 17) close to the 


erbB and erbB-2 loci (Buckberg et al., 1988). 
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Figure 17.2 (a) Genomic organization of G-CSF genes. Exons are shown in boxes with coding segments in black 


and noncoding segments in white. (Adapted from Metcalf and Nicola, 1995.) (b) Promoter and enhancer elements in 
the human G-CSF gene 5’ of exon 1. Nucleotides are labeled relative to the transcriptional initiation site. Recognized 
sequencer elements that correspond to nuclear factor binding sites are boxed and labeled. Plus signs indicate the 
elements that are active in LPS-activated macrophages and embryonic fibroblasts stimulated with TNF or IL-1, and 
that are constitutively active in CHU-2 cells. (Adapted from Metcalf and Nicola, 1995.) 


T 
2.3 CHROMOSOME LOCATION 


The gene for human G-CSF is located at 17q21-22 
(Simmers et al., 1987) and is approximately 2.5 kbp 
(Nagata, 1989). This region corresponds to a 
translocation between chromosomes 15 and 17 
(t915;17) (q23 q21)) that is commonly associated with 
acute promyelocytic leukemia (Larson et al., 1984). It 
remains to be determined how closely the break point is 
associated with the central region of the G-CSF gene. 
The protooncogenes for c-erbB-2 and c-erbA, and the 
nerve growth factor receptor gene are located at the same 
segment of chromosome 17 (Nicola, 1989). 


& 


2.4 TRANSCRIPTIONAL CONTROL OE 
THE G-CSF GENE 


The human and mouse G-CSF genes are highly 
homologous for approximately 300 bp upstream of the 
transcription initiation site. This region is sufficient for 
essential and inducible (by lipopolysaccharide (LPS), 
tumor necrosis factor (TNF), and IL-1) expression of G- 
CSF by macrophages (Figure 17.2b). Within this region 
are several potential regulatory elements including the PU 


BO, CK-1, NF-IL-6, OCTAMER (thought to be involved 
in the transcriptional control of immunoglobulin genes), 
and the CK-2. Using reporter constructs in embryonic 
fibroblasts, Shannon and colleagues (1992) found that the 
CK-1, NF-IL-6, and OCTAMER sequences only were 
required for induction of G-CSF by TNF and IL-1, with 
the OCTAMER sequence contributing to the differential 
response to IL-l compared with TNF. Nishizawa and 
Nagata (1990) found that in macrophages, the CK-1 
element was necessary for LPS inducibility. In addition, the 
OCTAMER sequence did not confer inducibility on G- 
CSF genes in macrophages (Nishizawa and Nagata, 1990), 
or on any other cell types other than the embryonic 
fibroblasts, which suggests that its action is cell specific 
(Shannon et al., 1992). 


3. The Protein 


3.1 AMINO ACID SEQUENCE 


The amino acid identities between pairs of aligned 
sequences of human, murine, bovine, and canine G-CSEs 
are between 70% and 80% (Kuga et al., 1989). Murine 
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recombinant G-CSF and nonglycosylated G-CSF differ 
in that there is a fifth cysteine residue found in the human 
but not the murine molecule (Kuga et al., 1989). The 
murine G-CSF has a serine at this position, and when 
substituted in the human G-CSF causes no decrease in 
biological activity. The cysteine at position 17 in the 
murine G-CSF does not form a disulfide linkage and is 
not accessible to modification by iodoacetic acid (Lu et 
al., 1989). Biological activity with a substitution at 
position 17 with alanine is at least as good as that of the 
unaltered recombinant protein. The amino acid sequence 
for human G-CSF is given in Figure 17.3. As mentioned 
earlier, the differences between the squamous cell and 
bladder carcinoma cell human G-CSF is due to an 
alternative mRNA splicing site with three additional 
amino acids between residues 32 and 33 of the 174- 
amino-acid polypeptide; these amino acids diminish the 
biological activity of the longer squamous cell line- 
derived G-CSF (Osslund and Boone, 1994). Both 
murine and human G-CSF are synthesized with a 30- 
amino-acid leader sequence typical of secreted proteins 
oea a/., 1986; Souza et al., 1986). The fact that 
nonglycosylated G-CSF has an extra methionine at the 
N-terminus compared with native G-CSF does not seem 
to have any effect on the biological or physical properties 
of the molecule (Souza et al., 1986). 

The native protein has been calculated to have an 
apparent molecular mass of 18.6 kDa (Platzer, 1989), 
18.8 kDa (Souza et al., 1986), or 19.6 kDa (Welte et al., 
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1985; Nomura et al., 1986; Oheda et al., 1988; Lu et al., 
1989) as measured by sodium dodecyl polyacrylamide 
gel electrophoresis (SDS-PAGE). 

Under appropriate conditions, the nonglycosylated 
form of G-CSF is fully biologically active and is stable for 
>l year at 4°C (Welte et al., 1985; Nomura et al., 1986; 
Oheda et al., 1988). The protein molecule, however, is 
highly hydrophobic, and the hydrophilic O-linked sugar 
chain may increase the solubility and 7 vitro stability of 
the glycosylated form at neutral pH (Oheda et al., 1990). 
See Section 3.5 for more details on the stability of the 
commercial forms. 


3.2 CARBOHYDRATES 


CHO cell-derived rhG-CSF (glycosylated G-CSF) and 
native G-CSF are O-glycosylated (Nagata et al., 1986; 
Souza et al., 1986), whereas E. coli-derived rhmet-G- 
CSF is not glycosylated. The sugar chains are the reason 
for the differences in molecular mass. It is known that the 
presence and type of glycosylation of the recombinant 
protein depends on the cellular source (e.g., yeast, 
mammalian, or bacterial) (Morstyn and Burgess, 1988). 
Glycosylation by CHO is heterogeneous; that is, not all 
the sugar chains are identical. Not all structural 
components of native human G-CSF have been 
identified, but it is known that its sugar composition is 
not identical to that of glycosylated CHO-derived G- 
CSF (Oheda et al., 1988, 1990). 
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Figure 17.3 Amino acid sequence of human G-CSF (Souza et al., 1986; Nagata et al., 1986). 
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The lack of binding of G-CSF to concanavalin A 
(Nicola and Metcalf, 1981) suggests that it does not have 
mannose-containing carbohydrates. Further work 
showed a reduction in the charge heterogeneity in 
isoelectric focusing after treatment with neuraminidase, 
suggesting sialic acid-containing O-glycosylation (Nicola 
and Metcalf, 1984). 

Crystallographic studies have shown that the sugar 
chain is attached to the C-D loop of G-CSF, at a distance 
from the active biological sites (Kuga et al., 1989; 
Osslund and Boone, 1994). The actual glycosylation site 
is the threonine 134 position. Although the glycosylation 
does not seem to have a role in the biological function of 
the molecule, it may partially protect the molecule from 
proteolytic degradation. The observation that a limited 
proteolytic degradation of nonglycosylated G-CSF 
results in the cleavage of the molecule near threonine 
134 points to a role of glycosylation for proteolytic 
protection, and indicates that the residues along this 
portion of the protein structure may serve as handles for 
proteolytic degradation. 


3.3 SECONDARY STRUCTURE 


Secondary structure prediction analyses show that the 
cytokine family members have substantial helical 
infrastructures. The protein’s secondary structure has 
abundant a-helices with a small amount of B-sheet 
pleating. Native G-CSF appears to exist in two forms: 
type a with 177 amino acids and type b with 174 amino 
acids. Type b appears to be more active than type a 
(Asano, 1991). A 


3.4 TERTIARY AND QUATERNARY 
STRUCTURES 


The atomic structure of nonglycosylated G-CSF has been 
determined by x-ray crystallography at high resolution 
(Hill et al., 1993). The crystal structure confirmed the 
predicted topology and showed that nonglycosylated G- 
CSF has four antiparallel bundles with crossing angles of 
18°. Besides the core bundle, there is a short 3-to-10 
helix immediately after the first disulfide bond, and two 
long loops and one short loop connecting the helical 
core bundle. The first helix of nonglycosylated G-CSF 
begins at residue 10, implying that the first 10 residues, 
including the initiating methionine, are not part of the 
core structure. 

The quaternary structure is given in Figure 17.4. The 
protein has two disulfide bridges (36, 42; and 64, 74). 
The kinetics of the formation of the two disulfide bonds 
of nonglycosylated G-CSF differ dramatically. The first 
disulfide bond of nonglycosylated G-CSF (between 36 
and 42) is between the first helix of the helical bundle 
and the short fifth helix, E. ln contrast, the second 
disulfide bond is positioned at the carboxy-terminal end 





Figure 17.4 Quaternary structure of G-CSF. This is a 
schematic representation of non-glycosylated G-CSF 
with its four antiparallel a-helices arranged to form a 
helical bundle. The bundle has constituents labeled A, B, 
C, and D. There is a fifth helix, E, which is a short 3-to-10 
type helix. The helices are connected with two long 
loops and one short loop. The relative positions of the 
amino acids are numbered and indicated. (Adapted from 
Osslund and Boone, 1994.) 


of the flexible E to B loop (between 64 and 74). In the 
process of folding and oxidation of nonglycosylated G- 
CSF, the protein rapidly forms an intermediate that is a 
partially oxidized form of nonglycosylated G-CSF 
containing a single disulfide bond. The rate-limiting step 
in the formation of the active form of nonglycosylated G- 
CSF is the formation of the second disulfide bond (Lu et 
al., 1992), and the difference in the rates may be due to 
the greater mobility of the second disulfide loop. 

There is a structural relationship between G-CSF and 
related cytokines (IL-2, 1L-3, IL-6, erythropoietin 
(EPO), and GM-CSF). Using x-ray crystallographic 
techniques, it has been found, however, that 
nonglycosylated G-CSF is most closely related to human 
growth hormone (HGH) (Osslund and Boone, 1994). 
Nonglycosylated G-CSF, HGH, and GM-CSF each have 
four helices, and, while the structure of GM-CSE has a 
similar topology, it is different in the folding and 
positioning of the helices within its core structure. In G- 
CSF, the amino-terminus and two extended loops are 
not part of the core structure. 


3.5 STABILITY AND STORAGE 


Under appropriate conditions, r-metHuG-CSF is fully 
biologically active and is stable for >l year at 4°C (Welte 
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et al., 1985; Nomura et al., 1986; Oheda et al., 1988). 
The protein molecule, however, is highly hydrophobic, 
and the hydrophilic O-linked sugar chain may increase 
the solubility and im vitro stability of the glycosylated 
form at neutral pH (Oheda et al., 1990). 

The nonglycosylated G-CSF package insert (marketed 
under the name Neupogen® in the United States) gives 
the storage temperature as +2 to +8°C; in the Japanese 
nonglycosylated G-CSF package insert (marketed under 
the name Gran®), the package insert gives the storage 
temperature as <10°C. It is thought that the commercial 
product is stable at room temperature for 1 week (as 
given in the European package insert of Neupogen®), 
although the package insert for the United States gives a 
stability at room temperature of 24 h. 

The glycosylated G-CSF package insert (marketed as 
Neutrogin® in Japan and Granocyte® in Europe) also 
places the storage temperature at +2 to +8°C for Europe 
and <l10°C for Japan. After reconstitution of the 
lyophilized powder, the commercial product is stable for 
24 h at room temperature. 


4 Cellular Sources and Production 


Various cell types in the human body are known to produce 
G-CSF, including stromal cells, macrophages, endothelial 
cells, fibroblasts, and monocytes (Zsebo et al., 1986; 
Devlin et al., 1987; Rennick et al., 1987; Morstyn and 
Burgess, 1988; Vellenga et al., 1988; Ernst et al., 1989; 
Platzer, 1989). Since these cell types are widely distributed 
in the body, it is possible that G-CSF participates in the 
production and functional enhancement of neutrophils 
that occur in response to local infection or other causes. It 
is thought that there are two types of G-CSF response to 
infection, either direct activation of G-CSF production or 
induction of monocytes and macrophages to release G- 
CSF (Wong et al., 1985). In response to minor infection, 
microorganisms release lipopolysaccharides (LPS, 
endotoxin), which results in the direct production of G- 
CSF, or indirectly by first inducing the production of IL-1 
which in turn initiates G-CSF production. This G-CSF 
results in the localization and activation of circulating 
neutrophils and macrophages responsible for eliminating 
the microorganism. However, if the initial infection 
becomes established, because of the failure of the local 
response to suppress the infection, the infection provokes 
a massive local production of G-CSF that enters the 
circulation. In addition, there is also a gradual entry of the 
microbial products into the circulation, which results in 
the amplification of the host response by indirectly 
stimulating the production of G-CSF via the production of 
IL-1 and by directly stimulating the production of G-CSF. 
This general increase in systemic G-CSF stimulates the 
production of mature cells in the marrow and spleen, and 
ultimately results in the local accumulation of huge 
numbers of neutrophils and macrophages that eliminate 


the infectious microorganisms (Metcalf and Nicola, 
1995). 

Macrophages recovered from the lungs of patients 
with pneumonia have demonstrated the ability of these 
cells to produce G-CSF spontaneously and in higher 
concentrations than those produced by normal alveolar 
macrophages. (Priming with endotoxin was necessary to 
obtain detectable G-CSF levels in normal alveolar 
macrophages.) Similar findings have been observed in 
animal models of pneumonia in rats. G-CSF levels were 
detectable in the normal lung but not in the serum. After 
infection, lung G-CSF levels increased rapidly, preceding 
an increase in serum levels of G-CSF (Metcalf and 
Nicolan T995). 

The blood levels of endogenous G-CSF increase in a 
variety of pathological conditions, such as infection and 
exposure to endotoxins (Metcalf, 1988; Watari et al., 
1989; Kawakami et al., 1990; Cebon et al., 1991, 1994; 
Morstyn et al., 1991). In patients with cyclic neutropenia 
there are marked fluctuations (Yujiri et al., 1992), and 
in patients with autoimmune neutropenia peripheral 
absolute neutrophil count (ANC) changes in parallel 
with serum level of endogenous G-CSF, with a delay of 
4-5 h (Omori et al., 1992). 


5. Biological Activities 


Granulocyte colony-stimulating factor reduces 
neutrophil maturation time from 5 days to 1 day, leading 
to a rapid release of mature neutrophils from the bone 
marrow into the peripheral circulation (Lord et al, 
1989). Neutrophils treated with G-CSF have normal 
survival (Bronchud et al., 1988; Lord et al., 1989) and 
enhanced chemotaxis through increased binding of f- 
Met-Leu-Phe (fMLP) (Colgan et al., 1992). 

Granulocyte colony-stimulating factor works on 
progenitor cells as well as on mature cells. Its primary 
action is on granulocyte progenitors (CFU-G), but at 
high concentrations G-CSF acts also on progenitors 
for granulocyte-macrophages (CFU-GM) and macro- 
phages (CFU-M) (Platzer, 1989; Ogawa, 1993). 
Granulocyte colony-stimulating factor stimulates the 
differentiation and activation of mature neutrophils. Its 
action on the neutrophil lineage causes rapid, dose- 
dependent increases in cell numbers, while small or no 
effects are seen on monocytes or eosinophils 
(Lindemann et al, 1989; Morstyn et al, 1988; 
Lieschke et al 1989). 

The existing data suggest that, within the human 
body, G-CSF is the primary factor mediating neutrophilic 
response to infection and neutropenia (Cebon et al., 
1991, 1994). In cases of gram-negative and fungal 
infections, G-CSF levels are elevated in the blood 
(Kawakami et al., 1990). The highest G-CSF levels are 
found in neutropenic patients and are correlated with 
fever (Cebon et al., 1991, 1994). 
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Mice lacking endogenous G-CSF have chronic 
neutropenia and impaired neutrophil function (Lieschke 
et al., 1994). This suggests that G-CSF is indispensable 
for maintaining the normal quantitative balance of 
neutrophil production during “steady state” 
granulopoiesis 7” vive, and indicates that G-CSF has a 
role in “emergency” granulopoiesis during infection. 

In addition, G-CSF can act synergistically with other 
CSFs and growth factors, to promote an enhanced 
proliferative response. However, these synergistic 
responses vary in magnitude depending on the 
concentrations of CSFs used (Metcalf and Nicola, 1995). 


6. Receptors 


Receptors have been identified for G-CSF (Nicola, 1989; 
Demetri and Griffin, 1991). Figure 17.5 is an illustration 
of the receptor. 

The G-CSBereceptor isexpressed onmediis® ofmulie 
neutrophil lineage from myeloblasts to the mature 
neutrophil as well as on subsets of cells of the monocyte 
lineage. Receptors for G-CSF also have been found on 
nonhematopoietic cell lines (Mazanet and Griffin, 1992). 
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Figure 17.5 Receptors for G-CSF. The figure shows a 
schematic representation of the structure of a 
nonglycosylated G-CSF receptor. A ribbon diagram of 
nonglycosylated G-CSF has been inserted between two 
molecules of nonglycosylated G-CSF receptors, 
suggesting that signal transduction is related to the 
binding of the ligand to two molecules of the receptor. 
(Adapted from Osslund and Boone, 1994.) 


The receptors are single, high-affinity receptors, specific 
to G-CSF (Nicola, 1989). Receptor density varies from 
50 to 500 per cell, and the receptor affinity (K,) equals 
approximately 100 pM. Studies in mice have shown that 
the number of G-CSF receptors increases as cells mature 
(Nicola, 1989; Demetri and Griffin, 1991). 

With regard to the biochemical structure, the 
receptor is a 130-150kDa glycoprotein that can be 
downregulated by LPS, f-MLP, or GM-CSF (Nicola, 
19897 

The human G-CSF receptor is encoded by a single 
gene on chromosome 1p35-p34.3 (Inazawa et al., 1991) 
and contains 17 exons that span approximately 16.5 kbp 
of DNA (Seto et al., 1992): The G-CSF receptor gene 
does not contain a classical TATA box, but the major 
transcription initiation site is 20 bp upstream of the cap 
site with a minor initiation site at 10 bp upstream of the 
cap site (Seto et al., T9927: 

The murine and human G-CSF receptors have a 
single transmembrane domain of 813 and 812 amino 
acids, respectively. Within the extracellular domain of 
the G-CSF receptors, there are at least three regions 
that have statistically significant identity to other 
proteins (Osslund and Boone, 1994). These are the 
immunoglobulin-like domain, three fibronectin type-3 
repeat units, and the WSXWS motif common to the 
cytokine receptor family. 


7. Signal Transduction 


The signal transduction activities of G-CSF are not well 
known. It appears that G-CSF stimulation of cells does 
not change the resting transmembrane electric potential, 
intracellular concentration of unbound calcium ions, or 
cytosolic pH (Tkatch and Tweardy, 1993). The primary 
G-CSF interaction with its receptor results in the rapid 
internalization of receptor and ligand followed by the 
slow degradation of internalized G-CSF (Nicola et al., 
1986; Walker et al., 1985). 

When quiescent IL-3-deprived NEFS-60 cells were 
exposed to 500 1U/ml nonglycosylated G-CSF, they 
showed a rapid increase in p42 mitogen-activated protein 
(MAP) kinase activity (Bashey et al., 1994). The activity 
was concentration dependent and appeared within 2-5 
min after nonglycosylated G-CSF was added; the effect 
remained elevated at 60 min, but diminished significantly 
at 150 min. The increase in enzymatic activity parallelled 
the appearance of the slower-migrating forms of both 
p42 and p44 MAP kinase on immunoblots of cell lysates. 
The rapid stimulation of MAP kinases suggests that the 
activation is a result of nonglycosylated G-CSF binding 
to these cells, rather than a result of autocrine growth 
factor secretion in response to the presence of 
nonglycosylated G-CSF. Exposure of growth factor- 
deprived NFS-60 cells to nonglycosylated G-CSF led to a 
rapid increase of p21” in GTP-bound form with 
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Maximum activation within 5 min of exposure. At 60 
min, approximately 28% of the p21™ was GTP bound. In 
a further experiment, Bashey and colleagues assessed 
whether MAP kinase activation is a universal component 
of G-CSF-receptor (G-CSF-R) signal transduction. 
Activation of these enzymes was assessed in cell types that 
showed nonproliferative responses to G-CSF. Non- 
glycosylated G-CSF-induced granulocytic differentiation 
in the 32DC13(G) and HL-60 cell lines occurred in the 
absence of detectable activation of p42 MAP kinase. 
Much work remains to be done in the area of signal 
transduction and, as understanding of G-CSF signaling 
increases, therapeutic opportunities may evolve. 


8. Climcal Applications 


Reviews of clinical experience with rhG-CSF can be 
found in several papers, notably by Hollingshead and 
Goa (1991), Lieschke and Burgess (1992), Steward 
(1993), Frampton et al. (1994), and Welte et al. (1996). 

Phase III trials have demonstrated the beneficial effect 
of rhG-CSF on neutropenia following standard-dose 
chemotherapy. Two randomized, placebo-controlled, 
double-blind studies involving more than 300 patients 
with small-cell lung cancer receiving cyclophos- 
phamide—Adriamycin®-etoposide (CAE) chemotherapy 
showed that nonglycosylated rhG-CSF significantly 
decreased the incidence, severity, and duration of severe 
neutropenia (Crawford et al., 1991; Trillet-Lenoir et al., 
1993). In other randomized, placebo-controlled, 
double-blind trials, nonglycosylated rhG-CSF allowed 
increases in dose intensity of doxorubicin (Bronchud 
et al., 1989) and cyclophosphamide—Adriamycin®-5- 
fluorouracil (CAF) chemotherapy (Demetri et al., 1991). 

In more recent studies, new chemotherapeutic 
concepts or new agents such as paclitaxel (Taxol®) have 
been tested with rhG-CSF as a standard adjunct. 
Compared with prior experience without rhG-CSF, in a 
study of paclitaxel with nonglycosylated rhG-CSF the 
incidence, depth, and duration of neutropenia was 
reduced (Reichmann et al, 1993). In a study to 
determine the maximum tolerated doses and principal 
toxicities of a combination of paclitaxel and cisplatin, 
doses of these drugs could be increased with the support 
of nonglycosylated rhG-CSF, but severe peripheral 
neuropathy and/or severe myalgias became the 
predominant toxicities (Rowinsky et æl., 1993). In a 
study undertaken to define an escalated dose schedule of 
MVAC (methotrexate, vinblastine, doxorubicin, and 
cisplatin) with the support of nonglycosylated rhG-CSF, 
the delivered relative dose intensity was 33% higher than 
the previously reported one without hematopoietic 
support; leukopenia and thrombocytopenia became dose 
limiting (Seidman et al., 1993). 

A randomized phase III trial in patients with non- 


Hodgkin lymphoma (NHL) showed that nonglyco- 
sylated rhG-CSF significantly improved delivery of full- 
dose chemotherapy compared with control patients 
(Pettengell et al, 1992). 

rhG-CSF alone or in combination with chemotherapy 
is an effective agent for recruiting peripheral blood 
progenitor cells (PBPCs) with long-term reconstituting 
ability (Diirhsen et al., 1988; Sheridan et al., 1990, 
1992; Chao et al., 1993; Hohaus et al., 1993; Kawano et 
al., \99S3esewingertrn:., 19937 Sato crm, 1994) Ira 
historically controlled study, nonglycosylated rhG-CSF- 
generated PBPC when used in conjunction with 
autologous bone marrow transplantation and 
nonglycosylated rhG-CSF accelerated recovery of 
neutrophil and platelet count (Sheridan et al., 1992). 
Use of nonglycosylated rhG-CSF for mobilization of 
PBPCs resulted in a significantly accelerated time to 
recovery of granulocytes when compared with 
nonmobilized PBPC recipients who did not receive 
mobilized PBPCs in a study of 85 patients with relapsed 
Hodgkin disease (Chao et al., 1993). The use of 
mobilized PBPC resulted in a significantly accelerated 
time to platelet engraftment when compared with 
nonmobilized PBPC recipients. There was a statistically 
significant reduction of costs in patients who received 
nonglycosylated rhG-CSF-mobilized PBPC. 

Results from a recent phase III study reported by 
Schmitz and colleagues demonstrated that 
nonglycosylated rhG-CSF-mobilized PBPCs were 
significantly more effective than bone marrow in 
accelerating platelet recovery and neutrophil recovery in 
lymphoma patients receiving high-dose chemotherapy 
(Schmitz eral, 1996). 

Placebo-controlled studies have shown that rhG-CSF 
accelerates neutrophil recovery following autologous 
bone marrow transplantation (BMT). An ANC recovery 
to >0.5 x 10?/l was achieved in 14 days or less in studies 
with rhG-CSF (Peters et æl., 1989; Sheridan et al., 1989; 
Taylor et al, 1989). In a 2-year, multicenter, 
randomized, vehicle-controlled, single-blind, dose- 
ranging trial, glycosylated rhG-CSF was administered 
subcutaneously in 121 patients with nonmyeloid 
malignancies. A dose-response effect was apparent, and 
neutrophil recovery was significantly accelerated while 
infectious complications were reduced (Harousseau, 
1992; Linch, 1992; Linch et al., 1993). In a prospective, 
randomized trial of high-dose chemotherapy and 
autologous transplantation (Stahel et al, 1994), 
nonglycosylated rhG-CSF at 10 or 20 ug/kg per day 
reduced the median time to neutrophil recovery (10 days 
versus 18 days) compared with a control group not 
receiving the cytokine. The median number of days with 
fever (1 day versus 4 days) and neutropenic fever also 
were significantly reduced. Days on intravenous 
antibiotics and the duration of hospitalization were also 
shorter in the cytokine-treated group, although the two 
end points did not reach statistical significance. 
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rhG-CSF has been shown to increase neutrophil 
counts in some patients with moderate aplastic anemia 
but, in general, patients with very severe hypoplasia do 
not respond to growth factors, and their use is still quite 
experimental (Kojima et al., 1991; Bessho et æl., 1992). 
In a Japanese study of 20 children with severe or 
intermediate aplastic anemia, a dose of 400 pg/m? per 
day increased the neutrophil count in 12 patients. 
Increasing doses to as much as 1200 ug/m° were 
administered to 5 patients who did not respond to the 
initial dose, and 3 of the 5 showed an increase in ANC 
(Kojima et al., 1991). In another small Japanese study, 
5 patients were given nonglycosylated rhG-CSF 75- 
900 pg/day by subcutaneous injection or by intravenous 
infusion (Sonoda et al., 1992). All five responded with 
increased neutrophil counts and two of the patients also 
showed improvement in their anemia. 

Studies have been done in patients with 
myelodysplastic syndromes (MDS), where treatment 
with nonglycosylated rhG-CSF was associated with a 
sustained improvement in neutrophil function, in the 
absence of increased adherence or impaired chemotaxis 
(Negrin et al., 1990). A phase II study showed the 
efficacy of glycosylated rhG-CSF, with most patients 
responding to intravenous doses of 2 or 5 ng/kg per day 
(Yoshida et al., 1991). In a phase III randomized study 
involving 102 patients with RAEB or RAEB-t subtypes 
of MDS, nonglycosylated rhG-CSF was shown to be 
efficacious in increasing ANC (Greenberg et al., 1993), 
although imbalances in patient characteristics made it 
difficult to define the overall benefit, if any, of the use of 
G-CSF in this setting. . 

A phase III trial of nonglycosylated rhG-CSF in severe 
chronic neutropenia (SCN) patients has shown long- 
term efficacy (>200 patient-years experience) and 
tolerance, and the hematological and clinical benefits 
were sustained during maintenance treatment (Dale et 
al., 1990, 1993). In one study, when children with SCN 
did not respond to treatment with rhGM-CSF, they were 
switched to treatment with nonglycosylated rhG-CSF 
with a resulting increase in neutrophil counts (Welte et 
al., 1990). (For a recent review, see Welte and Dale, 
1996). 

The potential of CSFs to ameliorate the myelo- 
suppression of antiviral and anti-infective therapies has 
been investigated in HIV setting. Nonglycosylated rhG- 
CSF has been shown to allow delivery of full doses to 
treat cytomegalovirus (CMV) infection in advanced HIV 
infection (Jacobsen et al., 1992). Nonglycosylated rhG- 
CSF given for 2 weeks at doses of 0.3-3.6 ng/kg per day 
increased neutrophil numbers 9-fold and maintained this 
increase during concomitant therapy with EPO and 
zidovudine (Miles et al., 1991). Use of nonglycosylated 
rhG-CSF permitted some patients to receive full doses of 
antiviral therapy and these patients had preserved or 
improved neutrophil function. In a phase 1/11 trial, 
glycosylated rhG-CSF 0.4-10 pg/kg per day subcuta- 


neously at low doses was effective in ameliorating 
zidovudine-induced neutropenia (Van der Wouw et al., 
1991). While most patients required 2.0 pg/kg per day, 
2 of 12 patients required O4ug/kg per day. 
Administration of nonglycosylated rhG-CSF has been 
shown to permit the greater use of myelosuppressive 
medications without the potentially life-threatening 
complications of neutropenia (Hermans et al., 1995.) In 
a small study, 10 consecutive patients at risk of 
developing severe neutropenia because of the use of 
antiviral drugs were given nonglycosylated rhG-CSF at 
5 ug/kg per week, in two divided doses, for 6 months 
(Balbiano et al., 1994). Even at low intermittent doses, 
nonglycosylated rhG-CSF was able to prevent severe 
neutropenia and neutropenic fever. A prospective, 
controlled study of non-glycosylated rhG-CSF has shown 
that rhG-CSF prevented severe neutropenia and reduced 
the incidence of severe bacterial infection, and 
hospitalization for bacterial infections (Kuritzkes et al., 
1997) 

In a phase I open-label trial of community acquired 
pneumonia (CAP), 3I patients were treated with non- 
glycosylated rhG-CSF, at doses as great as 600 ug/day 
for up to 10 days in conjunction with antibiotics 
(Kuhlberg and van der Meer, 1996). Doses >150 ng /day 
increased neutrophil counts up to 3 times the normal 
value and were not associated with any clinically evident 
toxicity. Overall, pulmonary symptoms and signs 
improved or remained normal for the majority of the 
patients regardless of the dose. The study was too small 
to determine whether there was any clinical benefit and 
clinical outcomes (i.e., duration of fever, antibiotic use, 
hospitalization) had no apparent relation to dose. In a 
subsequent phase 11] trial, treatment with rhG-CSF plus 
antibiotics was compared with antibiotic treatment alone 
in 756 patients with moderate CAP (Nelson et al., 
1996). Preliminary analysis of the study showed that the 
primary end point, time to resolution of morbidity (i.e., 
absence of clinical signs and symptoms), was not met. 
The analysis, however, did demonstrate a benefit in 
patients receiving nonglycosylated rhG-CSF in resolving 
radiographic signs of pneumonia, as well as clinical 
benefit, i.e., reduction of incidence of end-organ failure 
and incidence of acute respiratory distress syndrome. 

Clinical response to rhG-CSF in patients with 
pneumonia and severe sepsis was reported by Wunderink 
and colleagues (1995). Mortality at day 15 and day 29 
and resolution of end-organ failure on day 29 were 
assessed in a double-blind, placebo-controlled, random- 
ized study in which placebo or nonglycosylated rhG-CSF 
was administered at 300 ng/day intravenously for 5 days. 
Mortality at day I5 and day 29 was less in the cytokine- 
treated group compared with the placebo-treated group. 
These studies suggest there may be clinical benefit for 
rhG-CSF in severely ill patients with pneumonia. 

The effects of nonglycosylated rhG-CSF in neonatal 
sepsis were studied in a randomized, placebo-controlled, 
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phase I-II trial (Gillan et al., 1994). Forty-two neonates, 
gestational age 26-42 weeks, with presumed bacterial 
sepsis in the first 3 days of life were administered 
nonglycosylated rhG-CSF at 1, 5, or 10 pg/kg per day. 
There was a significant increase in their peripheral blood 
neutrophil count 24 h after administration of the 5 and 
10 g/kg per day doses, a dose-dependent increase in 
neutrophil storage pool, and increase in functional 
activity of neutrophils. In the pneumonia and neonatal 
settings, further trials are required to define any benefit. 
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l. Introduction 


Macrophage colony-stimulating factor (M-CSF, also 
known as CSF-1) is a hematopoietic growth factor which 
supports the survival, proliferation and differentiation of 
cells of the monocyte lineage (Tushinski et al., 1982; 
Clark and Kamen, 1987; Becker et al., 1988). M-CSF is 
produced in various cells, including monocytes, smooth- 
muscle cells, endothelial cells, and fibroblasts as a 
disulfide-linked homodimer (Rambaldi et al., 1987; 
Takahashi et al., 1988; Rettenmier and Sherr, 1989; 
Praloran et al, 1990; Clinton et al, 1992). The 
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molecular mass of M-CSF varies owing to the synthesis of 
two distinct M-CSF precursor proteins and the post- 
transcriptional addition of glycosyl residues and 
chondroitin sulfate to the molecule (Ralph and Sampson- 
Johannes, 1990; Price et al., 1992; Kimura et al., 1994). 
M-CSF was originally identified by its ability to 
selectively support macrophage colony formation in 
semisolid medium by progenitor cells found in normal 
bone marrow (Metcalf, 1970, 1985; Stanley et æl., 
1983). It is one of the few cytokine/growth factors 
found in measurable concentrations in various tissues 
including plasma, urine, cerebrospinal fluid, and placenta 


Copyright © 1998 Academic Press Limited 
All rights of reproduction in any form reserved. 


246 R.G. SCHAUB et al. 


(Ralph and Sampson-Johannes, 1990). cDNA clones for 
M-CSF were successfully isolated and the biological 
properties of the recombinant protein (rhM-CSF) 
confirmed the biological activity of the natural factors 
(Wong et al., 1987; Kawasaki et al., 1985). In addition, 
the availability of the recombinant protein has permitted 
evaluation of M-CSF as a therapeutic agent in the 
treatment of cancer, infectious diseases, and 
atherosclerosis. 


2. The Cytokine Gene 


Human M-CSF is encoded by a single 20kb gene 
containing 10 exons. The gene for M-CSF was thought to 
reside on the long arm of chromosome 5 at band q33.1 
(Pettenati et al., 1987). Recently, however, the human M- 
CSF gene was reassigned to the short arm of chromosome 
] at band pl3-p21 (Morris et al., 1991; Saltman et al., 
1992; Landegent et al., 1992). The molecular cloning of 
the cDNA for M-CSF was identified through a structural 
approach (Clark and Kamen, 1987). The natural protein 
was purified to homogeneity, the amino-terminal 
sequence was determined, and degenerate 
oligonucleotides were synthesized on the basis of the 


predicted nucleotide sequence. These oligonucleotides 
were used as hybridization probes to screen a human 
cDNA library. The original cDNA clone represented a 1.6 
kb mRNA, although subsequently a 4 kb message was 
found to be the predominant transcript (Wong et al., 
1987). This 4 kb mRNA species contained an insertion of 
894 nucleotides in the protein coding region and a 
substantially longer 3’ noncoding sequence relative to the 
1.6 kb mRNA. These differences result from alternative 
splicing of the M-CSF transcript. The 894-nucleotide 
insert preserves the M-CSF reading frame in the 4kb RNA 
compared to the 1.6 kb. The 4 kb mRNA encodes a 554- 
amino-acid precursor protein and the 1.6kb mRNA 
encodes a 256-amino-acid precursor protein which lacks 
amino acid residues 150-447 encoded by the 894 
nucleotide insert (Figures 18.1 and 18.2). A third M-CSF 
cDNA which encodes a 438-amino-acid protein has also 
been described (Pandit et a/., 1992). 


3. The Protein 


The two precursor proteins share amino acid residues 
-32 to +149. Residues 149 to 331 and 149 to 447 are 


-570 ctgcagaggaagaagggggct gccggcaaacctgctgactcaggctccacgagggagcaagtaacactggactcctttcg 
gcactccgagaatggggtgggggcgtcttcaaaggatttccctcccttcccagtgcettgtccctgetctcggtccgtttt 
ctgctaagatttggggattttcagggcctggagggaaagtcccttgggacgatcatagagcgctagcactgaatcagect 
ggagagcgcggaaggaaagggt cggtccgcagagggcgcggggaaggcagggtggggacgcggtggagceccgegcetcgtt 
tgctgaaggcttggaagtgcagcgcagaagacagagggtgactaggaagacgcgcgaacggggctggcegagcecegacgggt 
gggggaggggaggegagagaaggeggctgagtgggcctctggagtgtgtgtgtctgtgtcagtgtgtgtgtgtgtgtgtg 
tatgtgtgtgtctggcgcectggcecagggtgatttcclataaaccacatgeccceccagtectctcttaaaalggctgtgccg 
agggctggccagtgaggctcggcccggggaaagtgaaagtttgcectgggtectctcggegecagagccgetctecgcate 
ccaggacagcggtgcggcecctcggccggggcgeccact ccccaccagccagcgagcgagegagcegagcegagggceggecga 
egcgcccggcecgggacccagctgcccgtATGACCGCGCCGGGCGCCGCCGGGCGCTGCCCTCCCACGACATGGCTGGGCT 
CCCTGCTGTTGTTGGTCTGTCTCCTGGCGAGCAGGAGTATCACCGAGGAGGTGTCGGAGTACTGTAGCCACATGATTGGG 
AGTGGACACCTGCAGTCTCTGCAGCGGCTGATTGACAGTCAGATGGAGACCTGCTGCCAAATTACATTTGAGTTTGTAGA 
CCAGGAACAGTTGAAAGATCCAGTGTGCTACCTTAAGAAGGCATTTCTCCTGGTACAAGACATAATGGAGGACACCATGC 
GC TTCAGAGATAACACCCCCAATGCCATCGCCATTGTGCAGCTGCAGGAACTCTCTTTGAGGCTGAAGAGCTGCTTCACC 
AAGGATTATGAAGAGCATGACAAGGCCTGCGTCCGAACTTTCTATGAGACACCTCTCCAGTTGCTGGAGAAGGTCAAGAA 
TGTCTTTAATGAAACAAAGAATCTCCTTGACAAGGACTGGAATATT TTCAGCAAGAACTGCAACAACAGCTTTGCTGAAT 
GCTCCAGCCAAGATGTGGTGACCAAGCCTGATTGCAACTGCCTGTACCCCAAAGCCATCCCTAGCAGTGACCCGGCCTCT 
GTCTCCCCTCATCAGCCCCTCGCCCCCTCCATGGCCCCTGTGGCTGGCTTGACCTGGGAGGACTCTGAGGGAACTGAGGG 
CAGCTCCCTCTTIGCCTGGTGAGCAGCCCCTGCACACAGTGGATCCAGGCAGTGCCAAGCAGCGGCCACCCAGGAGCACCT 
GCCAGAGCTTTGAGCCGCCAGAGACCCCAGTTGTCAAGGACACGACCATCGGTGGCTCACCACAGCCTCGCCCCTCTGTC 
GGGGCCTTCAACCCCGGGATGGAGGATATTCTTGACTCTGCAATGGGCACTAATTGGGTCCCAGAAGAAGCCTCTGGAGA 
GGCCAGTGAGATTCCCGTACCCCAAGGGACAGAGCTTTCCCCCTCCAGGCCAGGAGGGGGCAGCATGCAGACAGAGCCCG 
CCAGACCCAGCAACTTCCTCTCAGCATCT TCTCCACTCCCTGCATCAGCAAAGGGCCAACAGCCGGCAGATGTAACTGGT 
ACAGCCTTGCCCAGGGTGGGCCCCGTGAGGCCCACTGGCCAGGACTGGAATCACACCCCCCAGAAGACAGACCATCCATC 
TGCCCTGCTCAGAGACCCCCCGGAGCCAGGCTCTCCCAGGATCTCATCACTGCGCCCCCAGGGCCTCAGCAACCCCTCCA 
CCCTCTCTGCTCAGCCACAGCTTTCCAGAAGCCACTCCTCGGGCAGCGTGCTGCCCCTTGGGGAGCTGGAGGGCAGGAGG 
AGCACCAGGGATCGGAGGAGCCCCGCAGAGCCAGAAGGAGGACCAGCAAGTGAAGGGGCAGCCAGGCCCCTGCCCCGTTT 
TAACTCCGTTCCTTTGACTGACACAGGCCATGAGAGGCAGTCCGAGGGATCCTCCAGCCCGCAGCTCCAGGAGTCTGTCT 
ICCACCTGCTGGTCCCCAGTGTCATCCTGGTCTTGCTGGCCGTCGGAGGCCTCTTGTTCTACAGGTGGAGGCGGCGGAGC 
CATCAAGAGCCTCAGAGAGCGGATTCTCCCTTGGAGCAACCAGAGGGCAGCCCCCTGACTCAGGATGACAGACAGGTGGA 


ACTGCCAGTGtagagggaattctaag 


1856 


Figure 18.1 The nucleotide sequence of the M-CSF cDNA. Negative numbers refer to the 32 amino acid signal 
sequence (underlined). Shorter translation products occur owing to alternative splicing of exon 6. Primary 
translation products are membrane spanning proteins that are modified posttranslationally to yield secreted forms 
by proteolytic cleavage on the amino terminal side of the transmembrane domain. For complete cDNAs see 
Aggerwal and Gutterman, 1991. 
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Figure 18.2 (a) Organization of the human M-CSF gene. Three overlapping genomic clones containing the entire 
gene are indicated at the top of the figure. Tke 10 exons are shown as solid boxes; the open box indicates the 
presumed location of the first half of exon 10. The location of the exon-6 5’ splice site used by pCSF-17-type 
transcripts is shown by an arrow. The map indicates EcoRI (R) and Hindili (H) restriction sites and sequenced 
regions of the gene are delineated below. (b) The two M-CSF mRNAs arise from alternate gene splicing pathways as 
illustrated. The M-CSF gene consists of many exons distributed over 22 kb of DNA. The first 750 bases of either 
MRNA result from identical splicing together of many small exon sequences (not shown) that are located in the first 
half of the gene (12.5 kb). The differences in the structure of the two mRNAs result from alternative splicing of the 
four remaining exons (boxes). The positions of the initiation (ATG) and termination (TAG) codons are as indicated. 
The primary translation products of the two mRNAs have identical amino- and carboxyl-terminal domains (indicated 
by hatched boxes) but differ by the 298-residue domain (indicated by the cross-hatched boxes) as shown. The 
arrows indicate the locations where carboxyl terminal processing ultimately occurs to yield the related but distinct 
M-CSF polypeptides encoded by either mRNA species. (From Clark and Kamen, 1987.) 


missing in the two smaller precursor proteins (Figure 
18.3). The transmembrane and carboxyl terminal residues 
are shared by all three variants (Pandit et æl., 1992) 
(Figure 18.4). The biologically active form of M-CSF 1s a 
homodimer derived from the amino-terminal region. 
Each monomer contains three intramolecular disulfide 
bonds at Cys’—Cys”, Cys**-Cys'” and C -Cys 
and one interchain bond at Cys*'-Cys*' (Pandit et al., 
1992). The precursor proteins undergo post-translational 
processing including N-linked and O-linked glycosylation 
(438 and 554 forms only) (Ralph and Sampson- Johannes, 
1990; Price et al., 1992; Kimura et al., 1994). The N- 
linked sites are fully occupied and are found at amino acids 


122 and 140 (H. Scoble, personal communication). Many 
O-linked sites occur on M-CSF. Those which have been 
identified occur on amino acids 153, 167, 172, 174, and 
182. An additional O-linked site has been localized to 
amino acids 194, 200, or 201 (H. Scoble, personal 
communication). Glycosylation, however, is not required 
for biological activity (Pandit et æl., 1992). The structure 
of recombinant M-CSF dimer has been determined by x- 
ray crystallography (Figure 18.5). The molecule contains 
two bundles of four a-helices with an interchain disulfide 
bond. The monomer has a structural similarity to both G- 
CSF and human growth hormone, suggesting similar 
receptor binding determinants (Pandit et al., 1992). 
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Figure 18.3 Predicted amino acid sequence of M-CSF. The positions of the potential sites for asparagine-linked glycosylation are indicated by heavy circles and 
cysteine residues are filled 
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Figure 18.4 The biologically active form of M-CSF is a 
homodimer derived from the amino-terminal region. The 
precursor proteins undergo post-translational 
processing including N-linked and O-linked 
glycosylation (438 and 554 forms only). The N-linked 
sites are fully occupied and are found at amino acids 
122 and 140. (From Rettenmier and Sherr, 1989.) 


4, Cellular Sources and Production 


M-CSF gene expression is constitutive or inducible in a 
variety of cell types including fibroblasts, smooth-muscle 
cells, vascular endothelial cells, bone marrow stromal 





cells, T cells, uterine cells, hepatocytes and cells of the 
monocyte/macrophage lineage (Rambaldi et al., 1987; 
Takahashi et æl., 1988; Praloran et al., 1990; Clinton et 
al., 1992; ‘Tsukui et al., 1992). M-CSF is also expressed 
in malignant cell lines (Horiguchi et al., 1988). Gene 
expression can be induced by endotoxin, IL-la, tumor 
necrosis factor-a (TNF-a), interferon-y (IFN-y), 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF), phorbol esters, and progesterone/estrogen 
(Horiguchi et al., 1987; Pollard et al., 1987; Rambaldi ez 
al 1987; Sherman ert al, 1990; Clinton e? ai 1922). 
M-CSF is found in detectable concentrations in blood, 
urine, cerebrospinal fluid, and fetal amniotic fluid (Ralph 
and Sampson-Johannes, 1990). Plasma or serum 
concentrations range from 1.8 to 7.1 ng/ml. Elevation 
of M-CSF concentration has been reported in trauma, 
infections, certain malignancies, and pregnancy (Ralph 
and Sampson-Johannes, 1990). 


5. Cellular and Ammal Biological 
Activity 


The role of M-CSF in the proliferation, differentiation 
and activation of cells of the monocyte-macrophage 
lineage has been described in detail (for review see, 
Stanley, 1984; Rettenmier et al, 1988; Ralph and 
Sampson-Johannes, 1990; Sherr, 1990; Crosier and 
Clark, 1992). The cloning and _ expression of 
recombinant human M-CSF (rhM-CSF) has provided 





Figure 18.5 The structure of recombinant M-CSF dimer has been determined by x-ray crystallography. The 
molecule contains two bundles of four a-helices with an interchain disulfide bond. Helices are shown as [-strands as 
arrows in two views (a). A topological structure showing all disulfide bonds is shown in (b). The monomer has 
structural similarity to both G-CSF and human growth hormone, suggesting similar receptor binding determinants. 
(From Pandit et al., 1992.) 
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sufficient material to permit detailed în vitro and in vivo 
evaluation of the role of M-CSF in various physiological 
processes. This section will focus on selected aspects of 
M-CSF bioactivity. 


5.1 HEMATOPOIETIC EFFECTS OF 
M-CSF 


M-CSF has been administered to rabbits, cynomolgus 
monkeys, and nonhuman primates by constant 
intravenous infusion (CIVI) or subcutaneous injection. 
In rabbits, infusion of rhM-CSF at 100 or 300 ng/kg per 
day resulted in a transient decrease in platelets for the first 
week after the initiation of treatment. In addition, rhM- 
CSF-treated rabbits developed a sustained decrease in 
white blood cell count that was primarily due to a 
decrease in circulating neutrophils. Changes in monocyte 
counts in rabbits have been more variable, ranging from 
no effect to significant monocytosis (Stoudemire and 
Garnick, 1990; Schaub et al, 1994). In cynomolgus 
monkeys, doses of 10 or 25 ng/kg administered by CIVI 
for 14 days had no consistent effect on hematology. 
Doses of 50 and 100 pg/kg per day increased monocyte 
count by 400% and promonocytes by almost 900% after 
4-6 days of treatment (Garnick and Stoudemire, 1990). 
A dose-dependent reduction in platelet count was 
associated with the increased monocyte count in 
monkeys. At a dose of 100 pg/kg per day, platelet counts 
decreased by 60% (Garnick and Stoudemire, 1990). A 
qualitatively similar monocyte and platelet response was 
observed in cynomolgus monkeys treated with rhM-CSF 
at daily subcutaneous doses of 200 ug/kg per day 
(Garnick and Stoudemire, 1990). In humans, an increase 
in monocyte count and a decrease in platelet count were 
seen at doses greater than 30 pg/kg per day (VandePol 
and Garnick, 1991). 


5.2 ANTITUMOR ACTIVITY OF M-CSF 
5.2.1 In Vitro 


rhM-CSF treatment of monocytes increases tumoricidal 
activity through poorly understood mechanisms which 
may involve the release of cytotoxic cytokines such as 
TNF, oxygen free radicals or nitric oxide from activated 
macrophages (Garnick and Stoudemire, 1990). rhM- 
CSF treated monocytes and niacrophages are more 
tumoricidal when a monoclonal antibody directed 
against the tumor target cell (antibody-dependent 
cellular cytotoxicity, ADCC) is present (Munn and 
Cheung, 1989). rhM-CSF-treated human peripheral 
blood monocytes were more effective in mediating 
ADCC against colon cancer targets at lower effector-to- 
target cell ratios and with lower concentrations of anti- 
colon-cancer antibodies than untreated monocytes, while 
rhGM-CSF and IL-3 did not enhance ADCC in this 
system (Mufson et al., 1989). Macrophage cell surface 


antigens such as CD16, Leu 11, la, LFASS CRo ama 
CD14 increase after rhM-CSF treatment (Falk et æl., 
1988). CD16, a low-affinity receptor for lgG, may be 
important in rhM-CSF-mediated ADCC. rhM-CSF has 
significant effects on proliferation of leukemic blast cells 
from patients with acute myelogenous leukemia (AML) 
(Pebusque et al., 1988; Suzuki et al., 1988). In addition, 
rhM-CSF was found to induce terminal differentiation of 
some, but not all, peripheral blood AML cells (Miyauchi 
et al., 1988a,b). 


5.2.2 In Vivo 


The antitumor effects of rh M-CSF have been evaluated in 
a variety of murine tumor models. Administration of 
rhM-CSF (4 days of 20 000 U/day x 2 cycles) starting 
21 days after inoculation of mice with 50000 B16 
melanoma cells resulted in a reduction of the median 
number of metastases from 65 in the control mice to 1 in 
the rhM-CSF treated mice (Garnick and Stoudemire, 
1990). Administration of rhM-CSF (50 or 200 ug daily in 
2 divided doses) had no antitumor effect on 3-day 
pulmonary or hepatic metastases from methylchol- 
anthrene (MCA)-induced sarcomas. rhM-CSF alone did 
not reduce B16 pulmonary or hepatic metastases. The 
combination of rhM-CSF and anti-B16 melanoma 
antibody, while not reducing pulmonary metastases, did 
reduce hepatic metastases at a dose of 200 ng daily (Bock 
et al., 1991). rhM-CSF alone at doses of 1, 30, and 
100 pg/kg per day did not reduce the growth of Lewis 
lung carcinoma in C57BL mice (Lu et al., 1991; Teicher 
et al., 1995). However, the combination of rhM-CSF 
with radiation resulted in incremental increases in tumor 
growth delay at all three doses of rhM-CSE. Treatment of 
Lewis lung carcinoma-bearing mice with the immuno- 
modulatory cytokine IL-12 (4.5 ng/kg) and M-CSF (30 
or 100 ug/kg) resulted in increased growth delay of the 
primary tumor compared with treatment with IL-12 
alone and a parallel decrease in lung metastases. When the 
combination of rhM-CSF and rmlL-12 was added to 
fractionated radiation, there was a markedly increased 
tumor growth delay of 30.6 days and a reduction of 
tumor metastases with the most clinically relevant 
radiation doses (2 or 3 Gy x 5 days) (Teicher et al., 1995). 
In a more recent study, B16F10 murine melanoma cells 
were transduced with a retroviral vector containing genes 
encoding neomycin resistance and M-CSF (Walsh et al., 
1995). Mice given a mixture of B16F10 and M-CSF* cells 
had an 80% survival rate at 8 weeks and survived at least 
twice as long as mice given B16F10 tumor and M-CSF 
cells (0% survival at 8 weeks). 


5.3 ANTI-INFECTIOUS DISEASE 
ACTIVITY OF M-CSE 


Initial investigations evaluating M-CSF as an antifungal 
or antimicrobial agent used in vitro exposure of both 
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murine and human monocyte-macrophages with M- 
CSF. Such experiments generally resulted in observations 
noting enhanced microbistatic/microbicidal effects 
(Karbassi et al., 1987; Lee and Warren, 1987; Cheers et 
al., 1989; Wang et al., 1989; Ho et al., 1990; Cenci et 
al., 1991; Rose et al., 1991; Newman and Gootee, 1992; 
Brummer et al., 1994; Brummer and Stevens, 1994; 
Khemani et al, 1995). M-CSF synergizes with 
fluconazole for fungal killing and with IFN-y against 
Leishmania and Mycobacterium avium (Ho et al., 1991; 
Rose et al., 1991). The M-CSF-mediated antimicrobial 
effects in macrophages do not appear to be due to the 
products of an oxidative burst, nitric oxide production 
(Brummer et al., 1994; Brummer and Stevens, 1994) or 
the presence of TNF-a (Rose et al., 1991). Additional 
studies indicated that augmented expression of mannose 
receptors on the M-CSF-treated macrophages was, in 
part, responsible for the observed enhanced antifungal 
activity and that this activity was independent of IFN- 
a/B (Karbassi et al., 1987). 

Enhanced microbistatic/microbicidal effects against 
C. neoformans (Nassar et al., 1994) and H. capsulatum 
(Khemani et al., 1995) have been observed ex vivo in 
murine bronchoalveolar macrophages derived from mice 
treated with M-CSF at doses of 2.5 mg/kg and against 
Candida albicans in human peripheral blood-derived 
monocyte/macrophages derived from nonleukopenic 
bone marrow transplant patients receiving a 2h 
intravenous infusion of M-CSF (Khyjwaja et al., 1991). 
Peripheral blood monocytes from guinea-pigs treated 
with M-CSF also have enhanced cytolytic activity against 
herpes simplex virus-infected target cells ex vivo (Ho et 
fe 1991). 

Prophylactic or therapeutic administration of M-CSF 
has been shown to enhance survival to infection or 
reduce microbial burden in a number of infectious 
disease animal models (Cenci et al., 1991; Ho et al., 
1991; Kayashima et al, 1991; Doyle et al, 1992; 
Gregory et al., 1992; Gregory and Wing, 1993; Vitt et 
al., 1994). In contrast, in C. albicans-infected mice, M- 
CSF exacerbates disease and caused a significantly earlier 
death in one study (Hume and Denkins, 1992). It has 
also been observed that the therapeutic administration of 
M-CSF to Listeria-infected mice had no effect on the 
replication of the organism (Gregory et al., 1992). In 
several studies, M-CSF has been observed to enhance the 
replication of HIV zm vitro in monocytes/macrophages 
(Gendleman et al., 1988; Koyanagi et al., 1988; Kalter et 
al., 1991; Kitano et al., 1991). Overall these studies 
suggest that the major effect of M-CSF is on the 
macrophage and not directly on the retrovirus. This 
effect appears to be related to M-CSF stimulating an 
increase in the expression of the CD4 receptor on the 
macrophage, the expression of which is known to 
correlate with an enhanced susceptibility of these cells to 
become infected with HIV (Bergamini et al., 1994). 
Further studies have shown that while M-CSF may 


augment the replication of HIV in monocyte/ 
macrophages, it has little affect on the 7” vitro efficacy of 
zidovudine (AZT) or antiviral activity by other 
dideoxynucleosides (Perno et al., 1992, 1994). 
However, the antiviral activity of compounds that inhibit 
viral binding, such as dextran sulfate and soluble CD4, is 
dramatically reduced by M-CSF (Bergamini et al., 1994). 


5.4 M-CSF AND PREGNANCY 


Most of the data concerning the role of CSFs in 
pregnancy have come from experiments in rodents. 
Location and distribution of CSFs and their receptors 
during rodent pregnancy are detailed elsewhere (Arceci 
et al., 1989; Regenstreif and Rossant, 1989; Kanazaki et 
al., 1991). Initially, the CSF family was observed to 
induce the growth of a mixed population of cells in the 
placenta in general (Athanassakis et al., 1987) and, later, 
in ectoplacental core trophoblasts in particular 
(Armstrong and Chaouat, 1989). Pollard and colleagues 
(1987) have shown that M-CSF, secreted by uterine 
gland cells, was increased 1000-fold within the first days 
of pregnancy, while Uzumake and colleagues (1989) 
have found the c-fms receptor on invasive trophoblast 
cells. In human placenta, the expression and localization 
of mRNA for M-CSF have been demonstrated in 
mesenchymal cells of the chorionic villous stroma 
(Kanazaki et al., 1992). Daiter and colleagues (1992) 
have also shown a trimester-dependent distribution of 
mRNA for M-CSF. M-CSF appeared in cytotrophoblasts 
lining the villous core and in the cytotrophoblastic core 
in the first trimester, in villous mesenchymal cells in the 
second trimester, and in cells lining the villous vessels in 
the third trimester. In addition, circulating levels of M- 
CSF during pregnancy are higher than those of 
nonpregnant women (Yong et al., 1992). 

The elevated levels of M-CSF seen in pregnancy may 
be due to the stimulation of uterine glandular epithelial 
cells by ovarian hormones (Hanamura et al., 1988). M- 
CSF synthesized by normal uterine glandular epithelial 
cells in response to ovarian hormones during pregnancy 
appears to stimulate receptor-bearing trophoblasts of the 
adjacent placenta (Pollard et al., 1987; Bartocci et al., 
1986). 


5.5 M-CSE IN LIPID METABOLISM 
AND ATHEROSCLEROSIS 


M-CSF gene expression and immunoreactive protein 
has been demonstrated within the endothelium, 
smooth-muscle cells, and macrophages associated with 
atherosclerotic lesions (Clinton et al., 1992; Rosenfeld 
et al., 1992). The presence of M-CSF within the arterial 
lesion has led to speculation that the protein may play a 
role in promoting atherosclerosis by enhancing 
monocyte recruitment and proliferation, foam-cell 
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development, and the release of monocyte-derived 
growth factors for smooth-muscle cells and pathogenic 
cytokines (Shyy et al., 1993). The importance of M- 
CSF as a maintenance factor for monocyte/ 
macrophages has also led to the speculation that M-CSF 
may be important in maintaining long-term survival of 
macrophages within lesions and that necrosis of foam 
cells in advanced lesions may occur because of a 
deficiency in local M-CSF production (Clinton et al., 
1992; Rosenfeld ef ai., 1992; Schaub e7 al., 1994). 
Many of the zz vivo studies performed with M-CSF in 
hypercholesterolemic rabbits would suggest that M-CSF 
can promote changes in lipid metabolism which can 
significantly reduce the development of atherosclerosis 
in animals models. 


5.5.1 M-CSF Decreases Plasma Cholesterol 


M-CSF decreased plasma total cholesterol by 43% 
when administered by intravenous bolus to normo- 
cholesterolemic nonhuman primates and by 25% in 
normocholesterolemic New Zealand White rabbits 
when administered by constant intravenous infusion 
(Stoudemire and  Garnick, 1990). Low-density 
lipoprotein (LDL) clearance was increased from 2.07 
pools to 3.75 pools per day when M-CSF was 
administered at 100 ng/kg per day (Stoudemire and 
Garnick, 1990). M-CSF administration to hyper- 
cholesterolemic rabbits also reduced plasma cholesterol 
by 30-73% when M-CSF was given at doses from 100 
ug/kg to 1 mg/kg per day by continuous intravenous 
infusion or by intravenous bolus (Schaub et al., 1994, 
1995). Most of the decrease in plasma cholesterol was 
due to a fall in LDL-cholesterol. As with normo- 
cholesterolemic rabbits, "I-labeled LDL was cleared 
more rapidly from plasma in M-CSF-treated animals 
(1.23 pools per day compared to 0.43 pools in non- 
treated hypercholesterolemic rabbits) (Stoudemire and 
Garnick, 1990). In addition, M-CSF treatment of 
hypercholesterolemic rabbits increased bile salt 
concentration and total cholic acid excretion by 50%, 
suggesting that M-CSF increases biliary excretion of 
cholesterol (Schaub et al., 1995). 


5.5.2 M-CSF Promotes Reverse Cholesterol 
Transport from Peripheral Tissue 


M-CSF stimulated the uptake and degradation of 
oxidized and acetylated LDL in cultured macrophages 
(Yamada et al., 1992). In rabbits with tissue cholesterol 
pre-labeled with [*H]cholesterol, M-CSF treatment 
decreased plasma cholesterol by 21% while increasing the 
specific activity of plasma HDL, suggesting movement of 
cholesterol from tissue to plasma (Yamada et al., 1992). 
Daily treatment with M-CSF also increases HDL particle 
size, which is consistent with increased cholesterol 
accumulation onto the HDL particle and reverse 
cholesterol transport from tissue to blood (Schaub et al., 
loos: 


5.5.3 M-CSE Decreases Atherosclerotic 
Lesion Formation 


M-CSF treatment of hypercholesterolemic rabbits was 
found to decrease aortic cholesterol and cholesteryl ester 
content, luminal surface lesion frequency in the thoracic 
and abdominal aorta, and macrophage foam cell 
development, and to enhance regression of 
atherosclerotic lesions (Inoue et al., 1992; Schaub et al., 
1994). 


6. M-CSF Receptor . | 


The receptor for M-CSF is a member of the tyrosine 
kinase class of growth factor receptors and is encoded by 
the c-fms protooncogene (Sherr et al., 1985) (Figure 
18.6). The gene for c-fms is located on chromosome 5 at 
q33.2-q33.3 (Roussel et al., 1983). The receptor is an 
integral transmembrane protein which contains an 
extracellular binding domain with five immunoglobulin- 
like repeats with 8-12 potential N-linked carbohydrate 
binding sites, a transmembrane segment, and a 
cytoplasmic tyrosine kinase domain. Signal transduction 
results from M-CSF binding to a single high-affinity site 
consisting of the first three immunoglobulin domains in 
each of two c-fms molecules to induce dimerization. 
Dimerization induces rapid transphosphorylation of 
tyrosine residues on nearby receptor molecules as well as 
phosphorylation of intracellular proteins believed to be 
involved in signal transduction following receptor—ligand 
interaction (Wang et al., 1993). Activation is terminated 
by lysosomal degradation of receptor and ligand. c-fms is 
found on mononuclear phagocytes, placental 
trophoblasts, and smooth-muscle cells in atherosclerotic 
lesions (Rettenmier et al., 1988; Inaba et al., 1992). 


7. Signal Transduction 


Binding of M-CSF to c-fms results in receptor 
dimerization and in upregulation of protein tyrosine 
kinase activity. Three sites of autophosphorylation have 
been identified. These are tyrosines 699, 708 and 809 
(Sherr, 1990). These phosphorylated sites serve as 
important docking sites for a variety of signal 
transduction molecules containing the Src homology 
domains (SHR) (Courtneidge et al., 1993; Heldin, 
1995). The c-myc gene appears to be essential in the 
cellular proliferation of M-CSF-stimulated cells. 
Activation of p2 lras and the ets gene family are necessary 
for c-myc induction (Roussel, 1994). Other signaling or 
regulatory factors associated with M-CSF binding to c- 
fmsare the SH2 domain-containing tyrosine phosphatase 
SHPTP1, Grb2, phosphatidylinositol 3-kinase, and fyn- 
associated protein tyrosine kinase activity (Shurtleff et al., 
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Figure 18.6 The receptor for M-CSF. The receptor is an 
integral transmembrane protein which contains an 
extracellular binding domain with five immunoglobulin- 
like repeats with 8-12 potential N-linked carbohydrate 
binding sites, a transmembrane segment and a 
cytoplasmic tyrosine kinase domain. (From Sherr, 1990.) 


1990; Li and Chen, 1995; Chen et æl., 1996). The 
activation of fyn-kinase may be associated with the 
development of adherence capacity in macrophages (Li 
and Chen, 1995), while SHPTP1 and Grb2 may have a 
role as negative regulators of M-CSF signaling (Chenet 
al., 1996). 


8 Murine M-CSF 


Murine M-CSF was originally purified from L-cell- 
conditioned media (Stanley and Heard, 1977) and 
described as a glycosylated disulfide-linked dimer of 70 
kDa. The unglycosylated monomeric protein was 


estimated to be 15 kDa (Das and Stanley, 1982). Two 
full-length cDNA clones of the murine protein have been 
isolated from L929 cells (Delamarter et al., 1987; Ladner 
et al., 1988). The murine gene maps to chromosome 3 
and contains ten exons which are transcribed in two 
RNAs as a result of alternative use of exons 9 and 10 
(Ladner et al., 1988; Daiter and Pollard, 1992). These 
two clones both produce a 520-amino-acid protein 
which is similar to the large human M-CSF precursor and 
exhibits over 80% amino acid identity in the growth 
factor region with human M-CSF (Rettenmier et al., 
1988). Murine M-CSF has tn vitro and 1m vivo activities 
similar to those reported for human M-CSF (Ralph and 
Sampson-Johannes, 1990). 


9 M-CSF in Therapy 


9.1 CANCER THERAPY 


9.1.1 Urinary-derived M-CSF 


Urinary-derived M-CSF has been studied in clinical trials 
in Japan (Motoyoshi and Takaku, 1990). These studies 
have evaluated the ability of M-CSF to ameliorate the 
myelosuppression associated with chronic neutropenia of 
childhood; to enhance bone marrow engraftment 
following allogeneic, syngeneic, and autologous bone 
marrow transplantation (BMT) in patients with a variety 
of hematological and solid tumors; and to evaluate 
myelorestoration following intensive cancer chemo- 
therapy and in individuals with myelodysplasia. In these 
studies, M-CSF was found to accelerate production of 
neutrophils and platelets after chemotherapy and BMT 
and to improve survival rate after BMT (Motoyoshi and 
Takaku, 1990). 


9.1.2 Recombinant M-CSF 


Several phase I studies of glycosylated M-CSF produced 
by mammalian expression have been published. Patients 
with metastatic melanoma have been treated with doses 
of M-CSF ranging from 10 to 120 pg/kg per day over 
two 7-day continuous intravenous infusion regimens 
(VandePol and Garnick, 1991; Jakubowski et æl., 1996). 
Monocytosis was seen at doses greater than 30 pg/kg per 
day. Doses of 80 ng/kg per day increased absolute 
peripheral monocyte counts almost 6-fold and increased 
percentage peripheral monocytes 4-fold. M-CSF was well 
tolerated with no evidence of systemic toxicity. There was 
a mild dose-related decrease in platelets which was 
reversible when treatment was discontinued. Antitumor 
activity was noted in one patient who demonstrated a 
complete response 3 months after therapy was discon- 
tinued. Patients with metastatic solid tumors refractory to 
conventional therapy were treated with M-CSF at doses 
of 50, 100, and 150 ng/kg per day by continuous 
intravenous infusion for 7-14 days with l-2-week 
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intervals between treatment. Doses of I50 pg/kg 
produced dose-limiting grade 4 thrombocytopenia. No 
objective clinical responses were observed (Cole et al., 
1994). Three phase I studies of unglycosylated E. coli- 
derived rhM-CSF administered intravenously have been 
reported. A phase I study or rhM-CSF administered by 
rapid intravenous infusion was performed in 14 patients 
with advanced cancer. No clinical or laboratory toxicity 
was seen; a peripheral blood monocytosis was observed at 
the higher dose levels. Antitumor activity was seen in 2 
patients with metastatic leiomyosarcoma (Redman et al., 
1992). A second phase I trial using this route of 
administration was conducted in 20 patients with 
refractory malignancies. Mild decreases in platelet counts 
were observed (Zamkoff et al., 1992). A third phase I trial 
in 23 patients demonstrated decreases in platelet counts 
and increases in absolute monocyte counts; several 
patients also developed a variety of ophthalmological 
side-effects (Sanda et al., 1992). One patient with 
metastatic renal cell carcinoma had a complete response 
(Sanda et al., 1992). Cohorts of 4-7 patients with 
malignancy received M-CSF by © subcutaneous 
administration at doses of 0.1-25.6 mg/m” per day on 
days I-5 and 8-12 of 2-week cycles which were repeated 
at 28-day intervals. Forty-four patients received 88 cycles 
of M-CSF. Toxicity included thrombocytopenia and iritis 
at a dose of 25.6 mg/m’ per day. No clinical response was 
reported (Bukowski et al., 1994). A phase I study of M- 
CSF in combination with mouse R24 monoclonal 
antibody against CD3 ganglioside was conducted in 19 
patients with metastatic melanoma. Monocytosis, as well 
as transient thrombocytopenia were observed,in the 
majority of patients. Antitumor activity was observed in 
three patients who then received a second course of 
therapy (Minasian et al., 1995). A phase I study of M- 
CSF in combination with the murine D612 monoclonal 
antibody was conducted in 14 patients with gastro- 
intestinal cancers. Increases in CD16° monocytes were 
demonstrated after M-CSF treatment (Saleh et al., 1995). 
The combination of M-CSF and IFN-y has also been 
evaluated (Weiner et al., 1994). M-CSF was administered 
at doses of 10-140 ng/kg per day by continuous 
intravenous infusion for 14 days. IFN-y was administered 
subcutaneously at doses of 0.05-0.1 mg/m” per day on 
days 8-I4 of the M-CSF regimen. The maximum 
tolerated dose (MTD) of M-CSF was 120 ng/kg per day. 
The coadministration of IFN-y did not alter the MTD 
compared to the single agent use of M-CSF. There was a 
dose-dependent increase in peripheral monocytes and a 
decrease in platelet counts at M-CSF doses exceeding 
40 ug/kg per day. A partial clinical response was reported 
for a patient with metastatic renal cell carcinoma and 
minor responses were reported in patients with a 
diffuse /follicular lymphoma, metastatic renal cell 
carcinoma and metastatic thymoma. A phase II trial of M- 
CSF administered by rapid intravenous infusion was 
undertaken in patients with metastatic soft-tissue 


sarcoma. One partial response was observed in a patient 
with metastatic leiomyosarcoma of the small bowel 
(Momin et al., 1994). 


9.2 INFECTIOUS DISEASES 


Phase I and phase II studies have been completed 
evaluating M-CSF in patients with invasive Candida and 
Aspergillus fungal infections (Nemunaitis et al., 1991) 
using daily dosages of M-CSF ranging from 100 to 2000 
ug/m* per day in combination with conventional 
antifungal therapy (amphotericin, fluconazole). Six 
patients had resolution of*their infections, 12 were not 
evaluable for their response, and 6 did not respond. Ten 
patients survived 100 days after the initiation of M-CSF 
therapy and 14 died. Long-term follow-up of 46 
consecutive BMT patients who were given M-CSF, 
administered 0-28 days after determination of 
progressive fungal disease, showed that survival of 
patients who received M-CSF was greater than that of 
historical patients (27% vs 5%). In a phase II study 
(Schiller et al., 1994), the ability of either M-CSF (2000 
ug/m/’ intravenously over 2 h for 4-30 days) or placebo 
to augment standard antifungal therapy was evaluated in 
25 patients. Long-term survival showed a 19% mortality 
reduction in patients treated with M-CSF (58% mortality 
with placebo vs 47% with M-CSF), 


9.3 CHOLESTEROL LOWERING AND 
ATHEROSCLEROSIS 


Homozygous familial hypercholesterolemic patients have 
received M-CSF by continuous intravenous infusion for 
14 days at doses of 10, 20, 40, or 60 ng/kg per day. 
Dose-dependent decreases in both total cholesterol and 
LDL-cholesterol were observed (Sherman et al., 1995). 
At a dose of 60 g/kg per day, mean decreases of 29% 
and 33% in total cholesterol and LDL-cholesterol, 
respectively, were seen. One patient treated at 60 ng/kg 
per day had a maximum decrease in LDL-cholesterol of 
48%. 


9.4 PHARMACOKINETICS OF M-CSF 


The pharmacokinetics of M-CSF have been evaluated in 
rodents, nonhuman primates and humans (Bartocci et 
al., 1987; Garnick and Stoudemire, 1990; Stoudemire 
and Garnick; 1990, Redman et æl., 1992; Zamkoff et al., 
1992; Bauer et al., 1994). Macrophages appear to 
selectively clear M-CSF by receptor-mediated 
endocytosis in the mouse. Greater than 94% of injected 
M-CSF has been found to be cleared by the liver and 
splenic macrophages (Bartocci et al., 1987). The role of 
the liver and spleen in M-CSF clearance has been further 
elucidated through biodistribution studies which have 
found that spleen and liver show the highest 
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accumulation of ’”1-M-CSF, while less than 2% of the 
injected dose was recovered in the kidney and other 
organs (Garnick and Stoudemire, 1990). A slightly 
different clearance mechanism has been reported for E. 
colt-derived recombinant M-CSF (a nonglycosylated 49 
kDa form). This lower-molecular-mass variant of M-CSF 
has a first-order elimination by the kidney (Bauer et al., 
1994). These authors suggest that, since intact M-CSF 
has been isolated from urine, glomerular filtration and 
renal excretion could be a primary mechanism of M-CSF 
elimination. However, they do not discuss a major 
molecular mass and charge difference which exists 
between endogenous M-CSF and CHO-derived 
recombinant M-CSF compared to the E. colt-derived 
material. These molecular mass and charge differences 
would make glomerular filtration of this molecule 
unlikely. Our recent unpublished observation, using 
immunohistochemistry, that M-CSF protein is localized 
constitutively in the uroepithelium suggests that 
epithelial synthesis and release is a more likely source of 
urinary M-CSF. Plasma clearance curves of M-CSF are 
best fitted to an exponential function of the form C(7) = 
Ae™. At a dose of 100 pg/kg, the pharmacokinetic 
parameters derived from this function indicate a 
clearance rate of 22 ml/h and 3.2 ml/h and a plasma 
half-life of approximately 6.4 h and 2.4 h in the primate 
and rat, respectively (Stoudemire and Garnick, 1990). 
The clearance rate of M-CSF was dose dependent. As the 
dose increased from 5 to 1000 pg/kg there was a 
decrease in the clearance rate from 0.34 to 0.013 ml/min 
and an increase in plasma half-life from 23 to 578 min in 
the rat (Stoudemire and Garnick, 1990). Carrageenan 
injection has been shown to reduce this saturable 
clearance, suggesting that macrophages are responsible 
for this mechanism (Bauer et al., 1994). To evaluate the 
effect of monocytosis and M-CSF-mediated c-fms 
induction on the pharmacokinetic profile of M-CSF, the 
plasma clearance of M-CSF was evaluated in primates and 
rats following a 7-day treatment regimen which elevated 
monocytes 10-fold over baseline. Serum half-life was 
reduced to 2 h from 6.2 h in primates and to 3 min from 
2.4 h in rats (Garnick and Stoudemire, 1990). 1n the rat 
studies, this elevated clearance rate was returned to 
normal by treatment with anti-c-fms receptor antibody 
(Timony, unpublished observation). Similar observations 
have been made in human studies which have reported 
lower blood levels of M-CSF after multiple doses of M- 
CSF (Redman et al., 1992; Zamkoff et al., 1992; 
Bukowski et al., 1994). 


10. Summary 


Macrophage colony-stimulating factor is a pleiotropic 
cytokine with a variety of biological activities including 
activation and enhancement of survival of cells of the 


monocyte/macrophage lineage, increase of macrophage 
response to infectious microorganisms, anti-tumor 
activity, and enhancement of cholesterol metabolism. 
The availability of recombinant M-CSF has permitted 
extensive investigation of M-CSF in a variety of 
myelodysplastic conditions, cancer, infectious disease, 
and hypercholesterolemia. With the exception of 
lowering plasma cholesterol, M-CSF as a single agent has 
demonstrated mixed response in clinical studies. 
However, M-CSF has demonstrated greater efficacy 
when combined with other microbicidal or anticancer 
therapies. These observations support a potential role of 
M-CSF as a pharmaceutical agent in atherosclerosis, 
oncology, and infectious diseases. 
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Granulocyte-macrophage colony-stimulating factor 


(GM-CSF) is one of the four classical colony-stimulating 
factors discovered in the 1960s following the 
introduction of semi-solid bone marrow culture 
techniques (Bradley and Metcalf, 1966; Pluznik and 
Sachs, 1965). The cDNA for human GM-CSF was 
isolated by expression cloning from the Mo leukemic cell 
line (Wong et al., 1985) and a T lymphocyte line (Lee et 
al., 1985) and the genomic sequence was ascertained 
shortly afterwards (Kaushansky eż al., 1986; Mitayake et 
al., 1985). The availability of recombinant material over 
the last decade has allowed extensive characterization of 
the biochemical, biological, and clinical properties of 
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GM-CSF which are summarized in this chapter. 


Although originally identified because of its effects on 
hematopoietic progenitors, GM-CSF has proved to be 
pleiotropic in activity with many of its most important 
effects being exerted on fully differentiated cells. 


2. The Cytokine Gene 


2.1 GENOMIC ORGANIZATION 


The human GM-CSF gene is located on chromosome 5 
(q25-q31) within 10 kb of the interleukin-3 (IL-3) gene 
(Yang et al., 1988) and in the same region as the genes for 
IL-5, IL-4, and the M-CSF receptor (Van Leeuwe et al., 
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1989). This finding is of interest because this region is 
deleted in some cases of myelodysplasia and acute myeloid 
leukemia (Huebner et æl., 1985). The human GM-CSF 
gene is 2.5 kb in size, contains three introns (Kaushansky 
et al., 1986), and shows considerable homology to its 
murine counterpart, particularly in the 5’ untranslated 
region (Figure 19.1) (Mitayake et al., 1985). 


2.2 REGULATION OF GENE EXPRESSION 


GM-CSF is produced in response to immunological and 
inflammatory signals in a range of cell types. Expression 
is controlled at the transcriptional level through 
constitutive and inducible cis-acting elements and post- 
transcriptionally by changes in mRNA half-life mediated 
through AUUUDA sequences in the 3’ untranslated 
region of the gene. 


2.2.1 GM-CSF Promoter—Enhancer 


Following T cell activation there is a rapid induction of a 
number of cytokine genes including GM-CSF. Several 


conserved regulatory elements have been identified in 
the 5’ untranslated region of the GM-CSF gene (Figures 
19.1 and 19.2). These include the CLEO (conserved 
lymphokine element 0)/PB-1 (purine box 1) sequence 
which contains direct repeats of the CATT(A/T) motif 
and is responsible for cyclosporin A-sensitive GM-CSF 
transcription in T cells stimulated with phorbol ester and 
calcium ionophore (Nimer et al., 1990). A protein 
complex similar to NF-AT (nuclear factor-activated T 
cells) present in activated but not resting T cells binds to 
this element and contains the fos/jun heterodimer AP-1 
and an Ets family member Elf-] (Fraser et al., 1994; 
Wang et al., 1994). 4 

Further conserved elements have been defined in the 
GM-CSF gene including CLE2/GC and CLE] motifs 
(also known as cytokine consensus elements, CK-1 and 
CK-2). The CLE2/CK-2 element, which is also found 
in the IL-3 gene, binds a factor induced mainly by 
phorbol ester designated NF-GM2 that is immuno- 
logically identical to NF«B and the GC element which 
binds constitutive factors such as Spl (Tsuboi et æl., 


590 TCIGIGTATT TAAGAGCICT TITGCCAGTG AGCCCAGCTA CACAGAGAGA AAGGCTAAAG 


Figure 19.1 
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gt Sh 
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AGGATGGTCA= TCTTIGGAGGG ACCAAGGGGT GGGCCACAGC CATGGTGGGA GIGGCCTGGA 
CCTGCOCTGG GCACACTGAC CCTGATACAG GCATGGCAGA AGAATGGGAA TATTTTATAC 
TGACAGAAAT CAGTAATATT TATATATITA TATITITAAA ATATTTATIT ATTTATTTAT 
TIAAGTICAT ATICCATATT TATICAAGAT GITTTACCGT AATAATTATT ATTAAAAATA 


poly A site 
TOCTICTIACT TGICCAGTGT 3010 


4 


Exon 1 


. Exon 2 


Exon 3 


Exon 4 


Sequence of the GM-CSF gene. Nucleotide (nt) sequence of portions of the GM-CSF gene 


showing TATA box at nt 597—603 (bold underlined), transcription initiation site nt 620-622 (underlined), 
and exons (double-headed arrows). The polyadenylation site is indicated by a vertical arrow at nt 2998. 
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Figure 19.2 GM-CSF genomic organization. Genomic organization of GM-CSF receptor gene showing 
the location of regulatory sequences and selected restriction enzyme sites. 


1991). Studies in which ERK-1 was overexpressed in 
Jurkat cells show that MAP kinases play a role in the 
formation of both NF-AT and NFXxB transcription 
factors (Park and Levitt, 1993). Further upstream the 
CLE1/CK-1 element, which is also found in the IL-3, 
G-CSF, and IL-2 genes, binds a ubiquitous nuclear 
protein NF-GMa which is induced in tumor necrosis 
factor (INF)-stimulated fibroblasts (Shannon et al., 
1988, 1990). In addition, a strong cyclosporin-sensitive 
enhancer element has been identified 3 kb upstream of 
the GM-CSF gene. These sites bind the inducible 
transcription factor AP-1 and may contribute to the 
coordinate expression of IL-3 and GM-CSF in activated 
T cells (Cockerill et al., 1993). 


2.2.2 Post-transcriptional Control 


In common with other growth factor and 
protooncogene RNAs, AU-rich sequences have been 
identified in the 3’ untranslated region which mediate 
rapid RNA degradation (Shaw and Kamen, 1986; Wilson 
and Treisman, 1988). Following stimulation of 
fibroblasts or T cells, a protein factor is induced which 
binds to this element and increases mRNA half-life 
(Malter et al., 1990). The mechanism of action of the 
destabilizing AU element is unknown but it may 
promote deadenylation of mRNA and removal of the 5° 
cap, allowing degradation by cellular exonuclease in a 5° 
— 3’ fashion (Mulhrad et al., 1994). 


3. The GM-CSF Protein 


Human GM-CSF protein contains 144-amino-acid (aa) 
residues including a 17-aa signal peptide that is removed 
during secretion (Gough et al., 1985; Lee et al., 1985; 


Wong et al., 1985) (Figure 19.3). Despite more than 
50% homology between the proteins there is no 
functional cross-reactivity between human and murine 
GM-CSF. Native GM-CSF is heavily glycosylated with 
two potential N-linked and several O-linked sites, 
resulting in a molecular mass of 14.5-34 kDa (Cebon et 
al., 1990). Compared to bacterially derived, 
nonglycosylated recombinant GM-CSF, glycosylated 
forms have a lower specific activity and bind the receptor 
with a lower affinity (Cebon et al., 1990). When human 
GM-CSF separated on the basis of the number of N- 
linked glycosylation sites occupied was administered to 
rats, it was shown that the 2N type had a 5-fold longer 
half-life than the ON type (Okamoto et al., 1991). 
Parallel in vitro studies demonstrated that the 2N GM- 
CSF had a 200-fold lower biological activity 7” vitro. 
Changes in glycosylation status may also result in altered 
immunogenicity of recombinant GM-CSF from different 
sources (Gribben et al., 1990). There are two intrachain 
disulfide bonds in human GM-CSF, C54-C96, and C88- 
C121, but only the first is necessary for biological activity 
(Shanafelt and Kastlein, 1989). The isoelectric point of 
human GM-CSF is 4.2 (Nicola et al., 1979). 

The crystal structure of human GM-CSF has been 
determined (Diederichs et al., 1991; Walter et al., 1992), 
revealing a tertiary structure similar to many other 
cytokines with four a-helices arranged in an “up-up, 
down-down” topology (Figure 19.4). 

A range of methods have been employed to elucidate 
structure—function relationships. These have included 
the synthesis of truncated GM-CSF molecules (Clark- 
Lewis et al., 1988), construction of interspecies hybrids 
(Kaushansky et al., 1989; Shanafelt et æl., 1991), site- 
directed mutagenesis (Hercus et al., 1994; Lopez et al., 
1992), and mapping the epitopes to which monoclonal 
antibodies bind (C.B. Brown et al., 1990, 1994; 
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Figure 19.3 GM-CSF protein sequence. Protein sequence of GM-CSF showing intrachain disulfide 
bonds and location of Glu-21 and Asp-112, which are critical for binding to receptor ß and œ subunits. 
The N-linked glycosylation sites (Asn-27 and Asn-37) and known O-linked sites (Ser-9 and Thr-10) are 

marked N and O. 





Figure 19.4 3D structure of human GM-CSF. 
Ribbon diagram of GM-CSF structure generated 
from the coordinates using the RasMac molecular 
graphics program. The up—up, down—down 
topology of a-helices is evident. 


Kanakura et al., 1991). These studies have shown that 
the first and third helices are involved in the interaction 
with the affinity converting/signal transducing B subunit 
of the receptor and that Glu-21 is critical in this regard. 
Residues in the fourth helix, particularly Asp-112 are 
involved in interactions with the ligand binding œ 
subunit of the GM-CSF receptor (Hercus et al., 1994). 


4 Cellular Sources and Production 


A wide range of cell types produce GM-CSF either 
constitutively or in response to a variety of immunological 
and inflammatory stimuli. GM-CSF production occurs in 
T lymphocytes stimulated via the antigen receptor or 
phytohemagglutinin (Cline and Golde, 1974; Wong et 
al., 1985), or IL-1 (Herrmann et al., 1988). Endotoxin 
stimulates its production in B lymphocytes (Pluznik et al., 
1989). Other hematopoietic cells are capable Wem 
producing GM-CSF: cross-linking of the Fc€ receptor or 
calcium ionophore causes mast cells to release IL-3 and 
GM-CSF (Plaut et al., 1989) and monocytes express 
GM-CSF mRNA in response to phagocytosis and 
inflammatory stimuli such as TNF (Thorens et al., 1987). 
A number of other cells of mesenchymal origin including 
endothelial cells and fibroblasts produce GM-CSF in 
response to TNF, whilst mesothelial cells produce GM- 
CSF after stimulation with TNF and epidermal growth 
factor (EGF), and osteoblasts (Horowitz et al., 1989) can 
be induced to secrete GM-CSF in response to 
parathormone and endotoxin. Both mRNA and protein 
for GM-CSF and its receptor have been demonstrated in 
fallopian tube epithelial cells, leading to speculation that it 
may play a role in the normal fertilization/implantation 
process (Zhao and Chegini, 1994). 


5. Biological Activities 


The actions of GM-CSF have been studied extensively in 
vitro as well as im vivo, in animals and man. As with other 
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cytokines, its effects are to stimulate the survival, 
function, proliferation, and differentiation of target cells. 
These effects may be direct or may serve to enhance or 
“prime” responses to other agonists. Although earlier 
studies focused on its actions on immature cells, there is 
now a large amount of information on the effects of GM- 
CSF on differentiated cells. 


4 


4 


5.1 IN VITRO ACTIONS 


5.1.1 Effects on Survival 


In the absence of stromal cells or cytokines, primary 
hematopoietic progenitor cells and factor-dependent cell 
lines die rapidly by apoptosis (Williams et al., 1990). 
Signaling through the 1L-3/GM-CSF receptor can 
suppress apoptotic cell death in murine BaF3 cells 
transfected with the relevant human receptor subunits, 
an effect that seems to depend on the Ras/MAP kinase 
pathway (Kinoshita et al, 1995). GM-CSF also 
stimulates cell membrane functions necessary for 
maintenance of viability including glucose transport 
(Hamilton et al., 1988) and the Na’/K’ antiporter 
(Vairo and Hamilton, 1988). 


5.1.2 Effects on Function 


GM-CSE has been shown to enhance a wide range of 
effector functions in differentiated cells of neutrophil 
monocyte and eosinophil lineages. 

Following exposure to GM-CSF, neutrophils undergo 
a rapid shape change associated with membrane ruffling 
(Lopez et al., 1986). There is upregulation of a number 
of cell surface molecules including the fmet-leu-phe 
(FMLP) (Weisbart et al., 1986) and inositol triphosphate 
receptors (Bradford et al., 1992) and integrins both im 
vitro (Arnaout et al., 1986) and in vivo (Devereux et al., 
1989). Release of secondary granule products also occurs 
in vitro (Kaufman et al., 1989; Lopez et al., 1986) and in 
vivo (Devereux et al., 1990), and there is mRNA 
synthesis and secretion of various cytokines, including 
IL-1, G-CSF, and M-CSF (Lindemann et al., 1988, 
1989). A number of other neutrophil functions are 
primed or enhanced by GM-CSF including superoxide 
generation (Weisbart et al., 1985) and release of platelet- 
activating factor (PAF) (Wirthmueller et æl., 1989) in 
response to chemotactic factors and 5-lipoxygenase 
activation and release of arachidonate and leukotriene B, 
in response to PAF (McColl et al., 1991). Other effects 
on neutrophil function include enhanced uptake and 
killing of microorganisms (Fleischmann et al., 1986; 
Villalta and  Kierszenbaum, 1986), increased 
phagocytosis of lgA-opsonized particles (Weisbart et al., 
1988), and enhanced antibody-dependent cytotoxicity 
(Vadas et al., 1983). Neutrophil migration 7 vztro is 
reduced (Gasson et al, 1984) as is skin window 
migration in patients receiving GM-CSF treatment 
(Addison et al., 1989). 


GM-CSF exerts similar effects on eosinophil function. 
Survival, cytotoxicity to schistosome ova, and calcium 
ionophore-induced generation of leukotriene C, have 
been shown to be enhanced by GM-CSF (Lopez et al., 
1986; Silberstein et al., 1986). 

GM-CSF exerts analogous effects on monocyte/ 
macrophage function. There is increased adhesion 
(Gamble et al., 1989), expression of a range of cytokines 
(Oster et al., 1989; Wing et al., 1989), as well as priming 
of superoxide responses (Coleman et al., 1988). Killing 
of tumor cells (Grabstein et al., 1986) and intracellular 
parasites is enhanced (Weiser et al., 1987) and there is 
augmentation of monocyte antigen-presenting function 
(Fischer et al, 1988). In addition, the dendritic/ 
Langerhans cell lineage, now recognized to be related to 
but distinct from monocytes, is profoundly influenced by 
GM-CSF in respect of both maturation and functional 
attributes (Heufler et al 1988; Witmer et al., 1987). 
This property of GM-CSF is currently being explored 
with a view to generating antigen-presenting cells for 
immunotherapy (Romani et al., 1996) 


5.1.3 Effects on Proliferation and 
Differentiation 


GM-CSF was originally defined as a factor that supports 
the growth of granulocyte, macrophage, and eosinophil 
progenitors in semisolid bone marrow culture (Metcalf et 
al., 1986). Like 1L-3 it can supply burst-promoting 
activity in erythroid cultures (Sieff et al., 1985) and there 
is some effect on megakaryocyte differentiation (Mazur 
et al., 1987). ln combination with TNF, the proliferation 
and differentiation of dendritic Langerhans cells from a 
CD34" progenitor is promoted (Caux et al., 1992). 
Peripheral blood monocytes can be induced to 
differentiate into dendritic cells when exposed to GM- 
CSF, 1L-4, and TNF (Zhou and Tedder, 1996). 

In addition to its effects on hematopoietic cells, GM- 
CSF has been reported to cause the proliferation of other 
cell types including oligodendrocytes (Baldwin et al., 
1993) and other cells originating from the neural crest 
(Dedhar et al., 1988). An effect on cultured endothelial 
cells has been reported (Bussolino et al., 1989) but not 
reproduced (Yong et al., 1991). 


5.1.4 In Vivo Effects 


The first clinical study using GM-CSF in patients with 
HIV infection showed the expected rise in neutrophil, 
monocyte, and eosinophil levels over a period of several 
days (Groopman et al., 1987). Paralleling the rise in the 
numbers of mature cells in the peripheral blood, 
increased numbers of progenitor cells are also observed 
(Socinski et al., 1988), a finding that has been exploited 
clinically. In vivo consequences of functional activation of 
mature cells are also observed. Within the first hour of 
administration of GM-CSF, circulating levels of 
neutrophils, monocytes, and eosinophils fall transiently, a 
phenomenon that is associated with upregulation of 


266 S. DEVEREUX AND D.C. LINCH 





surface adhesion molecules, neutrophil degranulation, 
and sequestration in the lungs (Devereux et al., 1987, 
1989, 1990). Neutrophil migration into skin windows 1s 
depressed during GM-CSF administration (Addison et 
al., 1989), whilst cytotoxicity of monocytes to tumor 
targets is increased (Wing et al., 1989). Over a period of 
time serum cholesterol levels fall in individuals receiving 
GM-CSF, probably as a consequence of monocyte/ 
macrophage activation (Nimer et al., 1988). 


5.2 PHYSIOLOGICAL ROLE OF 
GM-CSE 


When initially described it was imagined that GM-CSF 
would function as a regulator of basal hematopoiesis. 
However, the fact that circulating levels of GM-CSF do 
not rise during neutropenia (Cebon et al., 1994) and 
that transgenic mice with a targeted disruption of the 
GM-CSF gene are hematologically normal (Dranoff et 
al., 1994) suggests that this is not the case. The żin vitro 
effects of GM-CSF on mature cells point rather to a 
function as an inflammatory mediator and in particular as 
a modulator of antigen-presenting cell function 
(Morrissey et al., 1987). The major abnormality in GM- 
CSF knockout mice is pulmonary alveolar proteinosis, a 
syndrome in which there is defective clearance of 
pulmonary proteins by alveolar macrophages. It has been 
suggested that a key role of GM-CSF is to regulate the 
uptake of particulate or opsonized material and this may 
also account in some measure for its effects on antigen 
presentation and phagocytosis (Dranoff and Mulligan, 
1994). b 


6. The GM-CSF Receptor 


In common with other cytokines, GM-CSF acts on target 
cells through specific surface membrane receptors that 
are present at low density. The cDNAs for two human 
GM-CSF receptor components have been cloned 
(Gearing et al., 1989; Hayashida et 2 1990), an Q 
subunit that binds GM-CSF with low affinity and a B 
chain that does not bind ligand but cooperates with the 
æ chain to increase receptor affinity by reducing the rate 
of ligand dissociation from the complex. Ligand binding 
a chains have also been identified for interleukins-3 and 
-5. Both appear to share and compete for the same signal 
transducing GM-CSFRB. subunit (Figure 19.5). 


6.1 MOLECULAR GENETICS OF THE 
GM-CSF RECEPTOR 


The human GM-CSFRa gene has been mapped to the 
pseudo-autosomal region of the sex chromosomes 
(Gough et al., 1990), extends over 45 kb, and contains 


12 introns. Although abnormalities of the X chromo- 
some are found in human leukemias, no abnormalities in 
the GM-CSFRa gene have been reported (M.A. Brown 
et al., 1994; Wagner et al., 1994). The gene for human 
GM-CSFRB. maps to chromosome 22 (Shen et al., 
1992). No abnormalities in the intracytoplasmic domain 
of the human 8. have been reported in human leukemia, 
although like the œ subunit it appears to be quite 
polymorphic (Freeburn et al., 1996). 

The GM-CSF, IL-3, and IL-5 receptor a and B 
subunits belong to the hemopoietin receptor family. All 
are single-chain, glycoproteins with a single trans- 
membrane (TM) domain, lack intrinsic enzymatic 
activity and show conserved ‘structural features including 
two paired extracellular cysteine residues, the amino acid 
motif Trp-Ser-X-Trp-Ser (WSXWS) close to the TM 
region (Bazan, 1990), and a proline-rich sequence in the 
cytoplasmic domain (Oneal and Yulee, 1993). 


6.2 GM-CSE RECEPTOR ISOFORMS 


Several isoforms of the GM-CSFRq@ subunit arising by 
alternative splicing have been identified. These include a 
soluble receptor lacking a transmembrane domain 
(Ashworth and Kraft, 1990; Raines et al., 1991), a 
receptor with a serine-rich intracytoplasmic tail (Crosier 
et al., 1991), and an isoform containing a 34-amino-acid 
insertion between the TM region and the WSXWS motif 
(Devereux et al., 1993). In addition, alternatively spliced 
isoforms in the 5’ untranslated portion of the receptor 
transcript have been identified which appear to affect 
translational efficiency (Chopra et al., 1996). The soluble 
isoform of the GM-CSF receptor antagonizes the effects 
of GM-CSF in semisolid cultures (C.B. Brown et al., 
1995) although the functional significance of the other 
isoforms is at present unclear. A GM-CSFRB. isoform 
with a truncated intracytoplasmic tail has been described, 
the message for which is highly expressed in some acute 
myelogenous leukemia (AML) blasts (Gale et al., 1993). 


6.3 GM-CSF RECEPTOR SUBUNIT 


STRUCTURE AND INTERACTIONS 


The structure of the GM-CSF receptor subunits and 
their interactions with ligand have been inferred by 
comparison with the crystal structure of the growth 
hormone receptor (Cunningham et al., 1991; De Vos et 
al., 1992). This model predicts separate interactions 
between GM-CSFR @ subunit and ligand, GM-CSR B, 
subunit and ligand, and GM-CSFR œ& and 6. subunits. 
The fact that IL-3 and IL-5 can compete with GM-CSF 
for B. subunits suggests that the «/B. complex is not 
preformed but assembles following binding of GM-CSF 
to the @ subunit. GM-CSF binds to isolated receptor & 
subunits with a low affinity and does not result in any 
cellular response other than increased glucose uptake 
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Figure 19.5 The GM-CSF receptor and signal transduction. Schematic representation of GM-CSF 
receptor a and 8 subunits. The signal peptide (SP), extracellular ligand binding (ECLB), transmembrane 
(TM), and cytoplasmic (CY) regions are indicated and number of amino acids (aa) is shown. Conserved 
cysteine residues are marked C and potential glycosylation sites indicated with a diamond. The WSXWS 

motif is shaded with vertical bars. 


(Ding et al., 1994). Mutation of either residue Glu-21 of 
GM-CSF or His-367 of the B. subunit abolishes high- 
affinity binding, implying that a direct association occurs 
at this site between the two molecules. This interaction is 
not, however, critical for signal transduction, which still 
occurs if GM-CSF concentrations are appropriately 
increased. Thus it would appear that it is the interaction 
between the a and B, subunits, which presumably occurs 
because of a ligand-induced change in œ chain 
conformation, that is the initiating event in signal 
transduction. 

Activation through ligand-induced homo- or hetero- 
oligomerization of receptor subunits has also been 


demonstrated for several of the other cytokines (Davis et 
al., 1993; Stahl and Yancopoullos, 1993; Watowich et 
al., 1992) and appears to be a common theme in 
transmembrane signaling. The IL-6 receptor complex, 
for example, may form a hexamer consisting of two 
molecules each of the IL-6 ligand, the IL6R o chain, and 
the signal-transducing B subunit Gp130 (Paeconessa et 
al., 1995). The precise composition of the GM-CSFR 
complex is as yet unknown but there is some evidence 
that two alternatives, of differing affinity, may assemble 
depending on the availability of each subunit. In 
conditions of œ subunit excess over B., dual high- and 
low-affinity GM-CSF binding is observed, whereas, 
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when a subunits are limiting, a single intermediate- 
affinity receptor results (Budel eż al., 1993; Wheadon et 
al., 1995). A recent study in which cross-linking studies 
were performed using an epitope-tagged B subunit 
suggested that preformed B homodimers are activated by 
ligand-induced association with the a subunit (Muto et 
al., 1996; Freeburn et al., 1996). 


7. Signal Transduction 


Despite the fact that neither receptor subunit possesses 
intrinsic kinase activity, GM-CSF binding is associated 
with the rapid tyrosine phosphorylation of a number of 
substrates (Kanakura et al., 1990). Activation of the 
Janus kinase (JAK2), probably as a result of dimerization- 
induced phosphorylation, appears to be a critical event in 
GM-CSF signaling (Quelle et al., 1994). Substrates of 
activated JAK2 include MGF-STAT5 (mammary gland 
factor, signal transducer and activator of transcription 5) 
which was originally identified as responsible for the 
lactogenic response to prolactin. MGF-STATS5 activated 
by GM-CSF stimulation is able to bind 1FN-y activation 
sites (Gouilleux et al., 1995). Other proteins tyrosine- 
phosphorylated following GM-CSF stimulation include 
the B. subunit itself, shc which activates p21 ras and the 
Raf/MAP kinase pathway (Dorsch et al., 1994) as well as 
the src-related kinases lyn and yes which are found in 
association with activated phosphatidylinositol-3-kinase 
(forever 71. 1993) 

Relationships between structure and receptor function 
have been studied by expressing subunits in 
hematopoietic and nonhematopoietic cell lines from 
other species. Studies in Xenopus oocytes reveal that 
signaling through the GM-CSFR q subunit stimulates 
glucose uptake (Ding et al., 1994), although this is not 
associated with protein phosphorylation. Other cellular 
responses to GM-CSF, however, appear to require both 
o and B, subunits since transfer of both into murine cell 
lines is required to confer responsiveness to human GM- 
CSF. Experiments in the murine pro-B cell line BaF3, 
where the human & subunit can interact with the murine 
B. subunit, showed that the membrane proximal residues 
of the œ subunit (346-382) are sufficient for cell 
proliferation (Polotskaya et al., 1994). Removal of 
residues 382-400 had no effect on growth or 
translocation of protein kinase C to the membrane but 
did prevent tyrosine phosphorylation of the B. subunit 
when this was cotransfected. lt seems that the œ subunit 
confers signaling specificity since, despite using the same 
signal-transducing $B. subunit, IL-3- and GM-CSF- 
induced mitogenic responses are associated with protein 
tyrosine phosphorylation, whilst IL-5 stimulated 
proliferation is associated with dephosphorylation (Mire- 
Slus etal., 1995 


A similar deletion analysis of the B, subunit has 


le 


enabled mapping of domains required for cellular 
responses to GM-CSF. BaF3 cells transfected with GM- 
CSER subunits growing in serum required only the 
membrane-proximal portion of the B. subunit for 
proliferation, whilst the distal portion of receptor was 
needed for tyrosine phosphorylation. Subsequent studies 
have shown that it is the membrane-proximal region that 
binds JAK2, induces expression of c-myc, the serine 
threonine kinase PIM-1, and an SH2 domain containing 
the negative regulator C1S (cytokine-inducible SH2) that 
binds to phosphorylated sites on the distal portion of the 
receptor (Yoshimura et al., 1995). The distal domain is 
required for the’ majority of tyrosine phosphorylation 
events and activation of the Ras/MAP pathway (Quelle 
et al., 1994; Sato et al., 1993). Studies in BaF3 cells 
transfected with the same deleted B, subunits indicate 
that signaling through the proximal portion induces 
DNA synthesis whereas the distal portion suppresses 
apoptosis through the Ras/MAP kinase pathway 
(Kinoshita et al., 1995). This is consistent with the 
finding that signaling through the proximal portion of 
the receptor is insufficient to support long-term growth 
in serum-free medium (Sakamaki and Yonehara, 1994). 
Serum is presumably required to complement the lack of 
a distal Ras/MAP activating domain and prevent 
apoptosis by signaling through another pathway. 


8. Murine GM-CSF 


Murine GM-CSF was first purified to homogeneity from 
lung conditioned medium in 1977 (Burgess et al., 1977) 
and partial sequencing of this material subsequently 
allowed the construction of oligonucleotide probes and 
isolation of cDNAs from murine lung (Gough et al., 
1984) and T lymphocyte libraries (Gough et al., 1985). 
The murine GM-CSF gene localizes to chromosome 11, 
closely linked to that for other cytokines including 1L-3 
(Barlow et al., 1987). The regulatory elements of the 
murine GM-CSF gene are closely homologous to those 
found in the human gene and GM-CSF secretion is 
regulated at both the transcriptional and post- 
transcriptional levels (Bickel et al., 1988). Murine GM- 
CSF contains 14] amino acids including a 17-aa signal 
peptide that is removed during secretion. There is no 
functional cross-reactivity between human and murine 
GM-CSF. 

Cellular sources and biological activities of murine 
GM-CSF are broadly similar to those of the human 
molecule. Differences exist in receptor biology, however, 
as there is both a common 8B. subunit shared between 
murine GM-CSF, IL-3, and IL-5 (AIC2B) and an 1L-3- 
specific B subunit (AIC2A) (Kitamura et al., 1991). The 
gene for the murine GM-CSF receptor @ is found on 
autosome 19 (Disteche et al., 1992) and the B subunit 
genes are on chromosome 15 (Gorman et al., 1992). 
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Transgenic mice with a disrupted B. gene show the same 
pulmonary abnormality as GM-CSF knockout mice but 
in addition are unable to mount an eosinophilia following 
parasitic infection, presumably because 1L-5 signaling is 
also disrupted (Nishinakamura et al., 1995). Mice with 
both the 1L-3-specific B subunit and the B. subunit 
disrupted show no additional abnormalities (Nishina- 
kamura et al., 1996a). The pulmonary abnormalities in B 
subunit knockout mice may be corrected by bone marrow 
transplantation (Nishinakamura et al., 1996b). 

The zn vivo effects of GM-CSF in mice are as predicted 
from 77 vitro data, namely a rise in neutrophil, monocyte, 
and eosinophil numbers over a period of days (Metcalf et 
al., 1986). Several studies have examined the effects of 
chronically elevated GM-CSF levels. Mice expressing a 
transgene resulting in sustained systemic elevation of 
GM-CSF levels develop macrophage infiltration in the 
retina, lens, and pleural and peritoneal cavities and die 
prematurely with muscle wasting, possibly due to 
abnormal macrophage activation (Lang et al., 1987). 
When abnormal GM-CSF expression is restricted to 
hematopoietic tissue in mice transplanted with 
retrovirally transduced marrow cells, a lethal but 
polyclonal mayeloproliferative syndrome develops 
(Johnson et al., 1989). 


9 GM-CSF in Disease and Therapy 
9.1 GM-CSE IN DISEASE STATES 


A number of groups have examined the expression of 
GM-CSF or its receptor at RNA or protein level in a 
variety of disease states with a view to understanding 
pathogenesis or to use as a disease marker. The difficulty 
with these studies in the main is that basal levels of 
circulating GM-CSF are very low and cannot be detected 
by most assay systems. As noted earlier, GM-CSF levels 
do not rise in neutropenia, but a local increase in GM- 
CSF levels can be found in inflammatory states. For 
example, in carly histiocytosis X lesions, bronchial 
epithelia express high levels of GM-CSF protein which 
may be involved in the recruitment of CD1a-positive 
immunostimulatory cells (Tazi et al, 1996). The 
presence of GM-CSF in rheumatoid synovial fluid 
suggests that it may play a part in the inflammatory 
process in this disease (Xu et al., 1989). Elevated serum 
GM-CSF levels have also been found in eosinophilic 
states such as Hodgkin disease (Endo et al., 1995), and 
episodic eosinophil-myalgia syndrome (Bochner et al., 
9 1). 

There has been much interest in the possible role of 
GM-CSF and other growth factors as an autocrine 
stimuli in myeloid malignancies. Certainly AML blast 
cells do express GM-CSF receptors and can synthesize 
and respond to GM-CSF (Young and Griffin, 1986). It is 
generally felt, however, that AML blasts do not express 


GM-CSF constitutively but may be induced to do so im 
vitro by other factors such as 1L-1 or TNF (Lowenberg 
and Touw, 1993). Autonomous growth of AML blasts in 
culture, possibly mediated through autocrine 
mechanisms (Bradbury et al., 1992), is sometimes seen 
and is associated with a poor prognosis (Lowenberg et 
al., 1993). However, the fact that GM-CSF and other 
growth factors may be administered to patients with 
AML without obviously causing expansion of the 
leukemic clone does suggest that growth factors do not 
play a major role in the pathogenesis of leukemia. 


9.2 CLINICAL USE OF GM-CSF 


Clinical trials with recombinant GM-CSF commenced 
rapidly following the availability of purified recombinant 
material. Both FE. coli-derived nonglycosylated and 
glycosylated formulations from yeast and CHO cells have 
been produced, the availability varying from country to 
country. In the United Kingdom only the E. col 
nonglycosylated product is licensed at present. 


9.2.1 Dosage and Side-effects 


The maximum recommended daily dose of GM-CSF is 
10ug/kg per day by subcutaneous or intravenous 
injection. At higher doses than this a syndrome of 
erythroderma, weight gain edema with pleural and 
pericardial effusions, and ascites has been reported which 
is presumably related to endothelial damage, phagocyte 
activation, and secondary cytokine production (Lieschke 
et al., 1989). Bone pain, worse with rapid administration 
to patients with high white cell counts, and transient 
dyspnea and hypoxia are sometimes seen and are also 
likely to be due to activation of mature phagocytes. ln 
general the toxicity profile of GM-CSF is worse than that 
for G-CSF, although at the recommended dosage side- 
effects are not so severe aS to prevent its use. ln the 
circulation, GM-CSF has a biphasic half-life with an 
initial ż4,, of 10 min followed by a secondary ż,, of 85 
min (Herrmann et al., 1989). 


9.2.2 Clinical Studies 


The first clinical studies with GM-CSF were performed 
on patients with HIV infection, with the aim of 
improving, cytopenia and reducing the number of 
infections (Groopman et al., 1987). An increase in bone 
marrow cellularity and the number of circulating 
neutrophils, eosinophils, and monocytes was 
documented but there was no effect on infective 
episodes. Subsequent enthusiasm for the use of GM-CSF 
in HIV infection was tempered by the finding that HIV 
replication is enhanced in monocytes exposed to GM- 
CSF (Koyangani et al., 1988). GM-CSF does enhance 
the anti-retroviral properties of AZT, however (Perno et 
al., 1989), and its use to support AZT therapy is now a 
licensed indication. 
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Subsequent clinical trials focused on the use of GM- 
CSF to accelerate recovery after conventional 
chemotherapy and after ablative chemo/radiotherapy 
and bone marrow transplantation. Whilst these studies 
have consistently shown improvements in neutrophil 
(but not platelet) recovery, definite clinical benefits have 
been harder to document and have been significant in 
only a few randomized studies. In one such randomized 
study in which GM-CSF or placebo was administered 
after modified COP-BLAM III therapy for non-Hodgkin 
lymphoma, the use of GM-CSF was associated with 
reductions in febrile days, antibiotic use, and time in 
hospital (Gerhartz et al, 1993). In addition, an 
improved complete remission rate was reported in high- 
risk patients, but this analysis was not performed on an 
intention-to-treat basis. 

Despite the theoretical risk of stimulating the leukemic 
clone, several groups have explored the use of GM-CSF 
as an adjuvant to chemotherapy in myeloid malignancies 
in an attempt to increase the number of cycling cells and 
thus augment the effectiveness of therapy. Results have 
been contradictory, one study reporting a lower survival 
and remission rate (Estey et al., 1992) whilst others were 
more encouraging (Bernell et al., 1994; Bettelheim et al., 
1991). 

GM-CSF has also been used in a variety of other 
clinical situations including the congenital and cyclical 
neutropenias, myelodysplastic syndromes, and aplastic 
anemia. Again, no real clinical benefit could be 
demonstrated in these disorders although, in contrast, G- 
CSF had a markedly beneficial effect in patients with 
severe congenital (Bonilla et al, 1989; Welte et al., 
1990) and cyclical neutropenia (Hammond et al., 1989). 

As discussed earlier, GM-CSF does increase the 
number of progenitor cells in the peripheral blood, an 
effect that is amplified after myelosuppressive 
chemotherapy. When these are used instead of bone 
marrow as support after myeloablative chemotherapy, a 
striking reduction in the length of neutropenia and 
thrombocytopenia is observed (Gianni et al., 1989). 
Such significant reductions in the period of cytopenia are 
associated with real improvements in the morbidity and 
mortality of these procedures, which are consequently 
becoming much more common. 

The effects of GM-CSF on mature phagocyte function 
have encouraged studies in a number of infectious 
diseases. No definite benefit has been demonstrated 
using GM-CSF, with the possible exception of invasive 
fungal infection in neutropenic patients, where it may be 
a useful adjunct to other therapy (Bodey et al., 1993). 

Several groups are examining the use of GM-CSF as an 
immune adjuvant, exploiting its properties as an 
enhancer of antigen-presenting cell function. In one such 
study, irradiated murine melanoma cells engineered by 
transduction with a retroviral vector to secrete GM-CSF 
and were used as “tumor vaccine” (Dranoff et al., 1993). 
Injection into mice with small pre-existing wild-type 


tumor burdens resulted in tumor eradication and 
persisting immunity to rechallenge. This approach is now 
being tested in human studies. GM-CSF has also been 
shown to enhance the humoral immune response when 
fused to specific B cell lymphoma idiotypes (Tao and 
Levy, 1993) and may prove of value as an adjuvant in 
more conventional immunization strategies. 
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l. Introduction 


Leukemia inhibitory factor (LIF), a 180-amino-acid- 
residue glycoprotein, was purified and cloned on the 
basis of its ability to induce the differentiation of the 
monocytic leukemia cell line M1 (Gearing et al., 1987; 
Gough et al., 1988a; Hilton et al., 1988a,b). LIF was, 
however, discovered independently by a number of 
groups on the basis of different biological functions. As 
a result, LIF is known by a variety of alternative names 
including differentiation-inducing factor (D-factor or 
DIF; Tomida et al., 1984; Yamamoto et al., 1980), 
macrophage/granulocyte inducer type 2 (MGI-2, 
Lipton and Sachs, 1981; Hilton et Hie SSA, 
differentiation-inhibiting activity (DIA; Smith et al., 
1988), differentiation-retarding factor (DRF; Koopman 
and Cotton, 1984), human interleukin for DA-la cells 
(HILDA; Godard et al., 1988; Moreau et al., 1986, 
1988), growth-stimulatory activity for TS-1 cells 
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(GATS; Van Damme et al, 1992), hepatocyte- 


stimulating factor type II and type III (HSF-II and 
HSF-III; Baumann et al., 1987a; Baumann and Wong, 
1989), cholinergic neuronal differentiation factor 
(CDF; Yamamori et al., 1989), and melanocyte-derived 
lipoprotein lipase inhibitor (MLPLI; Mori et al., 1989), 
and possibly osteoclast-activating factor (OAF; Abe et 
al., 1986). 

LIF exhibits a remarkable range of biological effects 7 
vitro and when overexpressed in vivo. Many of these 
actions are, in fact, shared by other cytokines, notably IL- 
6, IL-11, oncostatin M (OSM) and ciliary neurotrophic 
facton( @IN VE ja bruce ef al, 1992; Hilton, 1992; Yang, 
1993). The redundancy of LIF action is highlighted in 
mice that are incapable of producing LIF. While the 
females are incapable of producing pups because of a 
defect in blastocyst implantation, LIF-deficient mice 
nonetheless develop apparently normally (Stewart ez al., 
1292). 
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The overlapping biological effects of LIF, CNTF, 
OSM, IL-6, and IL-1] are explained in part by the 
existence of shared receptor components. The LIF 
receptor is composed of two proteins, the LIF receptor & 
cham and gp] 30 (Gearing etal. O01 190927) line EIE 
receptor & chain and gp130 are also components of the 
OSM and CNTF receptors, while gp130 but not the LIF 
receptor a chain forms a part of the IL-6 and IL-11 
keceptors (Davis et Al, 1993. Gearing ei al. T991, 
1992a,b; Murakami ez al., 1993; Stabler al, 1993; Yin e 
al., 1994). 


2. The Cytokine Gene 


LIF is encoded by a single-copy gene found on 
chromosome 22q12 in the human (Sutherland et al., 
1989). The human LIF gene is tightly linked to the gene 
for the related cytokine oncostatin-M. The genes for LIF 
and OSM are separated by approximately 10 kbp and lie 
in the same transcriptional orientation (Giovannini et al., 
1993a,b). The intron/exon structures of the LIF and 
OSM genes are also similar, suggesting that they arose by 
gene duplication. Rearrangements of chromosome 22 
are found in certain tumors, for example, meningioma 
(Budarf et al., 1989; Pergolizzi and Erster, 1994). Given 
the role of LIF in regulating proliferation and 
differentiation of various cell types, some interest has 
focused on whether the LIF gene is altered in such 
tumors. 

The murine and human LIF genes contain three 
exons and two introns (Stahl et al, 1990). Exon I 
encodes the 5’ untranslated region and the first 6 amino 
acids of the leader sequence, exon 2 encodes the 
remaining I6 residues of the leader sequence and 53 
residues of the mature LIF protein, while exon 3 
encodes the C-terminal 137 residues of the mature 
protein and an extensive, approximately 3.2kb 3’ 
untranslated region (Gough et al., 1992; Stahl et al., 
TO bieures 20. land 20.2 ), 

Cross-species nucleotide sequence comparisons of the 
5 flanking region of the LIF gene revealed high 
interspecies similarity that extended up to 270 bp 5’ of 
the major transcriptional start site. All four TATA boxes 
are conserved and there are large blocks of conserved 
nucleotides surrounding the major and minor 
transcriptional start sites. Indeed, the region defined in 
the murine gene as the minimal essential promoter is 
almost entirely conserved. In contrast, the negative 
regulatory element found in the murine gene falls 
immediately 5’ of the conserved region and shows a low 
level of sequence similarity with the corresponding 
region of the human gene (Stahl et al., 1990; Wilson et 
AWII 


3. The Protein 


LIF is a basic, 180-amino-acid-residue glycoprotein 
(Figure 20.3). Human LIF contains three disulfide 
bonds (Cys!?~Cys!**, Cys'*-Cys'**, and Cys®—Cys’*). A 
high degree of sequence similarity is observed between 
LIF from various species (Gearing et al., 1987; Gough 
et ali, 1988a; Wilson et al., 1992; Yamamori et al., 
1989). LIF is also related to oncostatin-M (Rose and 
Bruce, 1991), CNTF (Lin et al; 1989; Stockh ez al, 
1989), and cardiotropin (Pennica et al., 1995), and 
more distantly to G-CSF and IL-6 (Bazan, 1991). 
Seven potential N-glycosylation sites are found in the 
human LIF amino acid sequence and LIF is in fact 
heavily glycosylated. From the sequence of the cDNA, 
the predicted molecular mass of LIF is approximately 
20kDa. LIF purified from a variety of mammalian 
sources migrates with an apparent molecular mass of 
32-67 kDa; however, deglycosylation with N- 
glycosidase results in a reduction in the apparent 
molecular mass to 20-25 kDa (Gascan et al., 1989; 
Hilton et al., 1988b). Evidence also exists that human 
LIF is glycosylated on serine and/or threonine 
residues; however, this is not extensive (Gascan et al., 
1989). The glycosylation state of LIF does not appear 
to effect its biological activity. Escherichia coli-derived 
LIF is not glycosylated, yet its biological potency is 
indistinguishable from mammalian LIF and 
hyperglycosylated yeast-derived LIF (Gough et al., 
1988b; Hilton et al., 1988b). Likewise, E. colz-derived 
LIF and mammalian LIF are cleared from the 
circulation of mice with a similar half-life and exhibit a 
similar tissue fate (Hilton et al., 199Ib). 

LIF is a stable molecule. The following treatments do 
not irreversibly diminish the biological activity of LIF: 
pH 2.0-pH 11.0; 8M urea; 6M guanidine-HCl; a 
variety of ionic, nonionic and zwitterionic detergents at 
I% w/v or v/v, including SDS, Triton-XI00, Tween 20, 
B-octylglucoside, CHAPS, 3.10 and 3.12; iododination 
on tyrosine residues (Godard et al., 1992; Hilton et al., 
I988b; O.J. Hilton, M.J. Layton and N.A. Nicola, 
unpublished observations). The biological activity of LIF 
is destroyed by reduction or by treatment with proteases. 
In addition, murine LIF and, to a lesser extent, human 
LIF are sensitive to derivatization of amines using 
reagents such as maleic anhydride. LIF is stable for 
extended periods at -20°C and when sterile at 4°C. 
Storage of low concentrations of LIF requires a carrier to 
maintain biological activity, presumably by reducing 
absorption to the surface of the storage vessel. Suitable 
carniers include 0.02% (v/v) Tween-20 or protein such as 
bovine serum albumin or calf serum (D.J. Hilton, M.J. 
Layton and N.A. Nicola, unpublished observations; 
Hilton et al., 1988b). 

The tertiary structure of murine LIF has been solved 
using x-ray crystallography (Robinson et al., 1994). LIF, 
like many other cytokines, is folded as a four-a—helical 
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ttataa ttttatcaat caaattctta gaagaggqgaa 
A DING@eeccCacce wweececctCa CLCGECCCCC CccEECactc 
541 tttcctatga tgcacctcaa acaacttcct ggactgggga 
601 ttctgtctta caacacagge tccagtatat aaatcaggca 
661 ACCTCTGAAA ACTGCCGGCA TCTGAGGTTT CCTCCAAGGC 
721 ATGAAGGTCT TGGCGGCAG 


GAGTTGTGCC CCTGCTGTTG GTTCTGCACT 


2521 CCCCTICCCCA TCACCCCTGT CAACGCCACC TGTGCCATAC 


3343 


3361 
3421 


6181 
6241 
6301 
6361 
6421 
6481 
6541 
6601 
6661 
C72 
6781 
6841 


CCGTTCCCCA 
CACGCCAACG 
GGCACCTCCC 
CTCCACAGCA 
TGCCGCCTGT 
TCGGGTAAGG 
CAGATCATCG 
CGAGGGATCT 
GGCATCGCTA 
TCCACTCTGG 
CTAGAAGAAG 
TGCCTCTACT 
CATCTACAAG 
CCAGCAAATT 
GAGGGGCTAG 
GAGGGGCCTC 
GGAACAATCT 
CAGAGAAGCC 
CTTTGGTAGG 
TCTGATGGCT 
AAGTCAGGTG 
AGGGGCT GGG 
TCACACAGAG 
GCAGAACTTA 
CTGGCATGAT 
GGCCAAGTTA 
CACAAGCGCC 
GGAATAAGCC 
GAGTGGGAGT 
CAGGGTCCAG 
GCTTCCAGGG 
CTGTTCCTGG 
CCTOCTECTTG 
CECTGCACCC 
AGACGGTGCG 
CAGCTGCCCA 
AGGAAGCTGT 
AGGCAGGGAA 
AGTCTGAGAG 
TCTGGCTTCT 
TGGTACTAAT 
TTTACCTGGA 
AGGGTGCGGC 
TGAGATGTGG 
TEATCCGGCT 
TTGTCTGGAA 
TCATCECecT 
EPCCCTETCEE 
ATCCCGTCCG 
GTGAAACAGC 
GACCACACCT 
CTTATTTATT 
CATCGTCCCC 
TCCAGCTCTG 
ACCCGGGGAG 
TAGTTCCCCA 
GGCCCACCGT 
TGGGTGACAA 
ATTTTTATTT 


ACAACCTGGA 
GCACGGAGAA 
TGGGCAACAT 
AGCTCAACGC 
GCAGCAAGTA 
ATGTCTTCCA 
CCGTGTTGGC 
CAGGAGTTGG 
AACCCAAATG 
GCTGGGCTGT 
GTGCCCCTTC 
OS ECCCTESG 
AGCCCTGACC 
ATCACCATCT 
GATCCCAAAG 
TGGGATGGAA 
GGCAGAAGTT 
ACCTTCAGGC 
aETCIICCEIC 
GGACCTGCAG 
CAGAGGTTCT 
GTAGCTCAGA 
GTACTTGAGG 
GGGTCAGGGT 
TTCTATTTAT 
ATTCCCC EET 
AGGGCCAGGG 
TTACGGGTGA 
GGGGGGCCTT 
GCTGCAGGGG 
GGCTGGTTCA 
CAGATATTGT 
TTTCTETCTC 
AGCATGCTCC 
GGGGGCCTGG 
TTGCTCCCAA 
GGGCCCTCCT 
CCCGATCTCT 
CAGGGGAGGG 
TCTCAAACCC 
TATGGTACTT 
TGGCGCGTGG 
CCGGAGTTGT 
GCCACACTCA 
TAGCTTGGGG 
ACCAGAGTTG 
GTGGACTTGG 
ACCCAGCCTG 
GCAGCTTGGC 
TCTGCCAGGC 
GGGCCTGGCC 
ATTTAAACAT 
ATCGTCCTCC 
CCTTGCCGGC 
GTAGCATTTC 
CCTCAATCCC 
GCGGCCTTAG 
ATTOCTCTTT 
ATTCAATGTC 


CAAGCTATGT 
GGCCAAGCTG 
CACCCGGGAC 
CACCGCCGAC 
CCACGTGGGC 
GAAGAAGAAG 
CCAGGCCTTC 
GTCCAGATGT 
GGGGCTGCTG 
GATGAAGCTG 
CTCTGGGAGA 
GGecetTrTccr 
ACAGGGTGAG 
GTGCCTTTGC 
GACTCCTTGT 
GGCTGTCTTC 
TCCAGAAGGA 
CTGGGAAGGA 
TALLCCCCOGT 
CAGGGGTTTG 
GAGGGACCCA 
GTAGCAGCTC 
GGGACTGGAG 
CTCAGGGAAC 
TATGATATCC 
CECT CGICCC 
CTTAGCAGGG 
AGCTCAGAGA 
GCTCCACCCC 
CTGGGCCAAT 
CACTGETCTT 
GECCCCTGGA 
CCCATGCTGC 
GACACAGCAG 
CTGGGCCAGA 
GAGGAGGAGA 
GCTCCACCCC 
TCCTTTGTGC 
AAGGAGGCAG 
TGAGCGGGCT 
TTCACTCACT 
GCAGTGTGCA 
CCATCT SIC’ 
CCCTTETCCA 
CTGGCTGCAT 
CTGATTCCAC 
GAGCTCTGTG 
GACTTGGCCC 
GTCCACCCTG 
CGGGAGCTGG 
GGAGGAAGAG 
TTTTTTAAAA 
TTGTCCCTGA 
TCTCCAGAGT 
CCTGCAGATG 
GGCATCCAGC 
AGGTTTCCCT 
GATGAATGTA 
ATATTTAAAA 


GGCCCCAACG 
GTGGAGCTGT 
CAGAAGATCC 
ATCCTGCGAG 
CATGTGGACG 
CTGGGCTGTC 
TAGCAGGAGG 
GGGGGCCTGT 
GCTGACCCCG 
AGCAGAGTGG 
TTGTGGACTG 
CACTTTGTGC 
ACAGCAGGGC 
TGCCCCTTAG 
CCCCTAGAAG 
TTTTGAGGAT 
GGTCACTTGG 
AGACACTGGG 
GATCTTCCCT 
TGGAGGTGGG 
GGCTCTTCCT 
ACATCTGAGG 
GCCGTCTCTG 
CCTGAGCTCC 
TATTTATATT 
TACTCAACAA 
CCTGGTCTGG 
AGGGTCGGAT 
CATCCCCTAC 
TTGTGGAGAG 
GGGCGCCCCA 
GCAGTGGGCA 
CTCTGAAATA 
GGAAGCTCCT 
CCCCAGGAAG 
GGGAGGCTGC 
CATCCCACTC 
TGGGGCCAGG 
CAGAGTTGGG 
GCCGGCCTCC 
TTGCACCTTT 
GGCAGGTCCT 
ATCCCAACAG 
GGATGCAGGG 
TCCECCCAGGA 
CCGGGGGGCC 
CCAGGCCCAC 
CATGGGACCC 
CACAGCATCA 
GTTITIcTerre 
AGAGTTTACC 
AGCACTGCTA 
CTTGGGGCAC 
AGACATAGTG 
GTACAGATGT 
CTTCAGTCCC 
CCTICCT ERS 
CCCTGTGGGG 
TATTTATTTT 


ECACC tetett 
tcccggctaa 
datt eEcecar 
CCTCTGAAGT 


GGAAACATGG 
GCCACCCAT 


TACACAGC 
TGACGGACTT 
ACCGCATAGT 
TCAACCCCAG 
GCCTCCTTAG 
TGACCTACGG 
AACTCCTGGG 
TCTTGAAGTG 
CCAAGGGTGG 
AGGGTGCCTG 
AAACTTCCAT 
GGGAGCGTGG 
AGTGAACAAA 
CCAGGGGAGT 
GTTGGGACTT 
TTITGATGAGT 
GATCAGAGAA 
CATTCAGGCT 
AGGAGGAGAG 
GCAGCCTGGG 
TAGGGCAGGG 
CTGGGTAAAG 
CCCTGGGAGG 
GTCCCCAGGG 
AAGCGTGCTG 
AACTTATTGG 
AATATGATGA 
AAGTCGACAA 
CTGAGAGAAT 
TGTGACTTGC 
GCCGGGTGCC 
GCATTGTGTT 
AGACAGTCCT 
GCGCCCTGGA 
CETGTGGCCC 
GTGGGGTAGA 
AGACGCCTGG 
CCACCCATGT 
CGAGTGGAGA 
GCAGCTGCTC 
AAGTTCCTCC 
CGCTGTCSEL 
GAGGCCTGGG 
CAAGACGAGG 
ACTGCCTTCT 
TGGCTTCGAG 
CGGCTGACTC 
CTTGCGGEEC 
ATCCTCAGTG 
CTGAATCACA 
CCTTTTTATC 
AAGAGAGATG 
GTTTACTTGT 
TTCCACCCTG 
TGTGGGGTTG 
TCCTGCCTTA 
GCCCACGTGC 
CACTGAAAAG 
ATGTTTCATA 
TTATACCAAA 


aaagtctgtt 
Cccattcataa 
atatagctgt 


ttgagcATGA Exon 1 


GCAGCCCATA 


GGCGGGGAGC 


CCAGGGGGAG 
CCCGCCCTTC 
CGTGTACCTT 
TGCCCTCAGC 
CAACGTGCTG 
CCCTGACACC 
GAAGTATAAG 
TGCTGTGAAC 
CTGGGCCCAG 
GCCAGTCCAC 
AGGGAGGGAG 
GCTGGACTTC 
CTACACAAGT 
GGACCAGCCC 
AGGTGGGCCA 
GGAAGATAGA 
CTTGGGCATA 
CTTGGGGAGG 
GCCTGGAAAG 
ATGGCCAGGG 
GCAGGTTGCT 
GTCTGTAAGA 
TCTTGTGAGG 
CAAGGGAACA 
TGCGTCTGAC 
TGCTTTCAGT 
TGGCTCCCGA 
TGTTACAAGT 
GGGGAGGCCT 
TTTAGCGTGT 
TTETTCTCOCTC TT 
GTGAGGCGCA 
TGTGGCCCAC 
ACAACCCTGC 
GGACACCCAT 
CTGGGGGGAT 
GACTCAGACC 
CTOGGOCICCC 
PECECCECICe 
AGAGCAGTGT 
GACAAGATGA 
CTCTAAGCAC 
GTTGGGGTGG 
ATGTGGCTGT 
CCTICETOCT 
AAAGACAAAC 
GCCCATCACC 
TGGCTCTGAG 
CTCCCTCCAG 
GAGCCTTTGC 
TGCTGGTGTG 
TCTCCGGGCC 
ClGTEETECC 
ACCCAGCCAG 
GAGCTCTGGC 
GAGTCATCTC 
TAGCTCCGTG 
CACATGGCCT 
CTGACAGATT 
TGAATACTTT 


Pome. 


Exon 3 


6901 TTTTTTTAAG AAAAAAAAGA GAAATGAATA AAGAATCTAC TCTTGG 


Figure 20.1 Sequence of the human LIF gene. The sequence of the human LIF gene was obtained from the 
GenBank database (accession number HUMALIFA) and is numbered according to Stahl et al. (1990). The promoter 
region is shown in lower case with important elements underlined. The exons are shown in upper case, with the 
nucleotides encoding the LIF protein shown in bold. The first amino acid of mature LIF is underlined 


to its long helices, long overhand A-B and C-D loops, 
and an additional fifth helix A loop (Purvis and Mabbutt, 
1997). In this regard LIF most resembles G-CSF. 


bundle, with the helices arranged in an up-up, 
down-down configuration (Figure 20.4; Robinson et al., 
1994). LIF may be classed as a long-chain cytokine owing 
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Exon l 2 
Size (bp) 83 179 


3484 





Intron 
Size (bp) 


l 2 
1731 693 


Figure 20.2 Schematic structure of the human LIF gene. The intron/exon structure of the human LIF gene. The 
exons are shown as boxes, with the coding regions shown in black. The numbers and size of the exons are shown 
above the figure, while the number and size of the introns are shown below. 
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Figure 20.3 Amino acid sequence of LIF. Cysteine residues are shaded. 


4, Cellular Sources and Production 


In vitro, LIF is produced and secreted by a wide variety 
of primary tissues and cell lines (see Aloisi et al., 1994; 
Anegon et al., 1990; Gascan and Lemetayer, 1991; 
Greenfield et al., 1993; Mezzasoma et al, 1993). In 
general, most cells seem to constitutively secrete a small 
amount of LIF zm vitro. Transcription of the LIF gene, 
and as a result synthesis and secretion of the protein, is 
elevated in most cells and tissues upon stimulation with 
bacterial products such as lipopolysaccharide (LPS) and 
in response to inflammatory cytokines such as 1L-6, 1L-1, 
and G-CSF (Brown et al., 1994; Derigs and Boswell, 
LOoBWetzler eral. 192P 

Production of LIF zn vivo appears to be associated 
with infection and inflammation (Kreisberg et al., 1993; 


Lecron et al, 1993; Waring et al., 1992, 1993b; 
Wesselingh et al., 1994). ln a survey of sera from a range 
of healthy volunteers and patients with a variety of 
diseases, a correlation was observed between the amount 
of circulating LIF and the severity of the infection or 
inflammation. In sera from healthy volunteers LIF was, in 
general, undetectable. Sera from patients with mild 
infections or inflammation often contained low levels of 
LIF, while the sera from patients with septicemia, 
especially those with septic shock, contained high 
concentrations of LIF (2-200ng/ml, Waring et al., 
1992). LIF has also been found localized to sites of 
inflammation, for example, synovial fluid from arthritic 
joints (Campbell et al., 1993; Carroll and Bell, 1993; 
Hamilton et al., 1993; Ishimi et al., 1992; Lotz et al., 
1992; Waring et al., 1993b). 





Figure 20.4 Three-dimensional structure of murine LIF. 


Pathological consequences of LIF production by 
certain tumors have also been described. The human 
melanoma cell line SEKI secretes high levels of LIF and 
when injected into mice causes a severe, rapid, and fatal 
cachexia (Mori et al., 1989, 1991). Similar effects are 
observed in mice that have been experimentally 
manipulated to increase LIF levels (Metcalf and Gearing, 
1989a,b; Metcalf et al., 1990). 

Physiologically, a most important and interesting site 
of LIF production is the uterus (Bhatt et al., 1991; 
Kojima et al., 1994; Stewart et al., 1992; Yang et al., 
1994). Production of LIF by the uterus is under strict 
control and peaks at the time of blastocyst formation, just 
prior to implantation. Most work in this area has been 
performed in mice, in a series of elegant studies by 
Stewart and colleagues (Bhatt et al., 1991; Stewart et al., 
1992; see also Croy et al., 1991). The site of LIF 
production was found to be the endometrial glands 
(Bhatt et al., 1991). LIF secretion in the mouse peaks at 
approximately day 4 of gestation; however, production of 
LIF was found to be independent of the presence of an 
embryo since pseudopregnant mice produced LIF at a 
similar time after mating (Bhatt et al., 1991). Moreover, 
LIF production was delayed in mice in which 
development of the embryo had been delayed either 
naturally by the presence of suckling pups or artificially 
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by bilateral ovariectomy and administration of 
progesterone. Production of LIF did, however, occur in 
these mice upon commencement of normal embryonic 
development triggered by withdrawal of suckling pups or 
B-estradiol injection (Bhatt et al., 1991). These studies 
clearly demonstrate that LIF production is under 
exquisite maternal control; however, the mechanisms 
regulating production remain unclear. Recent evidence 
illustrates that LIF may also play a role in blastocyst 
implantation in other mammals, including humans 
(Kojima et al., 1994; Yang et al., 1994; reviewed in 
Robertson et al., 1994). 


5. Biological Activity 


5.1 HEMOPOIETIC SYSTEM 


LIF was originally defined on the basis of its ability to 
induce the macrophage differentiation and suppress the 
clonogenicity of the murine monocytic leukemia cell line 
M1 (Gearing et al., 1987; Gough et al., 1988b; Hilton et 
al., 1988a,b; Ichikawa, 1969, 1970; Lotem and Sachs, 
1992: Maeda et al., 1977; Metcalf et al., 1988; Tomida et 
al., 1984; Yamamoto et al., 1980). After 4 days of LIF 
treatment, MI cels differentiate into mature 
macrophages. These cells cease proliferation, exhibit a 
low nuclear to cytoplasmic ratio and numerous vacuoles, 
and are capable of migrating through semisolid agar 
(Metcalf, 1989; Metcalf et al., 1988). LIF treatment also 
results in an increase in the synthesis of macrophage 
markers such as Mac-I (CD1Ib), FCyRI1 (CD32), c-fms 
(the M-CSF receptor), and lysozyme (see for example, 
Krystosek and Sachs, 1976). Like LIF, OSM and IL-6 
also induce macrophage differentiation of M1 cells 
(Metcalf, 1989; Rose and Bruce, 1991; Shabo et al., 
1988). LIF also suppresses the clonogenicity of the 
human leukemic cell lines HL-60 and U937 (Mackawa et 
al., 1990). The effect of LIF on these human lines is not 
as marked as its actions on M1 cells, with little evidence 
of morphological differentiation observed. 

In addition to its effects on differentiation, LIF also 
stimulates the survival and proliferation of certain factor- 
dependent hemopoietic cell lines. Notably, LIF has been 
purified and cloned on the basis of its ability to stimulate 
the proliferation of murine DAla cells and human TF-I 
cells (Gascan et al., 1989; Godard et al., 1988; Moreau et 
al, 1986, 1987, 1988; Van Damme et al., 1992). 
Expression of the LIF receptor & chain and gpI30 in 
BaF3 cells also allows these cells to grow in LIF (Gearing 
et al., 1994). 

Alone, LIF has little or no effect on the proliferation 
and differentiation of primary hemopoietic progenitors 
from the bone marrow, spleen, or fetal liver (Metcalf et 
al., 1988). In combination with IL-3, but not GM-CSF, 
LIF enhances the formation of megakaryocyte colonies 
(Burstein et al., 1992; Debili et al., 1993; Metcalf et al., 
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1991; Waring et al., 1993a; Warren et al., 1993). LIF 
also acts with IL-3 to synchronize the proliferation of 
primitive multipotential hemopoietic progenitors, 
termed blast-CFC (Leary et al., 1990). Similarly, LIF has 
been claimed to augment the survival and stimulate the 
proliferation of hemopoietic stem cells (Dick et al., 1991; 
Fletcher et al., 1990, 1991a,b; Verfaillie and McGlave, 
1991). Although this effect of LIF is not observed 
universally (Schaafsma et al., 1992; Szilvassy and Cory, 
1994), it has led to the inclusion of LIF, with other 
cytokines, in cultures of stem cells used for retroviral 
infection prior to reconstitution of the hemopoietic 
system of compromised recipients (Dick et al., 1991; 
Picher etal, 1990, 199la.b; Moore et al, 1992), 


5.2 EMBRYONIC STEM CELLS 


The blastocyst of mammalian embryos consists of an 
outer trophoectoderm layer which contributes to the 
ectoplacental cone, giant cells, and extraembryonic 
ectoderm (Gardner et al., 1973), and an inner cell mass 
(ICM) which gives rise to tissues of the fetus proper, the 
fetal membranes (amnion, allantois, and yolk sac), and 
the extraembryonic endoderm (Gardner and Johnson, 
1975; Gardner and Rossant, 1979; Rossant, 1975a,b, 
1976). The ICM may be explanted and cultured 7” vitro. 
In the absence of any factors, the cultured ICM rapidly 
differentiates (Hogan and Tilly, 1978). In the presence 
of purified LIF or conditioned medium containing LIF, 
the ICM proliferates indefinitely and retains its 
undifferentiated phenotype (Evans and Kaufman, 1981; 
Magnuson et al., 1982; Martin, 1981; Smith et al., 1988; 
Smith and Hooper, 1987; Williams et al, 1988). 
Remarkably, the concentration of LIF required to 
maintain these cells in an undifferentiated state is 
identical to that necessary to induce macrophage 
differentiation of M1 leukemic cells. 

The “cell lines” that result from the outgrowth of the 
ICM in LIF have been termed embryonic stem (ES) 
cells. An important feature of ES cells cultured in LIF is 
that they may be injected into the blastocoel of recipient 
blastocysts, where they become integrated with the host 
ICM. If chimeric blastocysts are then placed into the 
uterus of a foster mother, embryos develop normally and 
the ES cells contribute to the formation of all tissues, 
including the germ-line (Bradley et al., 1984: Nagy et al., 
1990; Nichols et al., 1990; Pease et al., 1990; Pease and 
Williams, 1990; Smith et al, 1988; Williams et al., 
1988). Indeed, if germ-line chimeric animals are bred, a 
proportion of their offspring will contain a genetic 
contribution from the ES cell line in every cell (Bradley et 
al., 1984; Nagy et al., 1990). Since ES cells cultured in 
LIF may also be manipulated genetically 27 vitro, either 
by introduction of a transgene or by mutation of specific 
genes by homologous recombination, the effect of such 
genetic changes may also be studied within the context of 


the entire animal (reviewed by Capecchi, 1993, 1994; 
Robertson, 1991). 

Embryonic carcinoma (EC) cells are derived from 
germ cell tumors often in 129 mice. These cells exhibit 
some similarities to ES cells, since they are capable of 
differentiating in vitro into a wide range of cell types and 
have a limited ability to contribute to normal 
embryogenesis when combined with the ICM of a 
normal recipient blastocyst. Interestingly, normal 
primordial germ cells may also form ES cell lines. The 
differentiation of both EC cells and germ cell-derived ES 
cells is inhibited by LIF (Brown et al., 1992; Dolci et al., 
1993; Matsui et-al., 1992; Mummery et al., 1990; 
Nichols et al., 1990; Pesce et al..1993; Pruitt and Natoli, 
1992; Takagi, Wo: 


5.3 OTHER CELLS 


5.3.1 Neuronal Cells 


LIF exerts two broad actions on neuronal cells—first to 
stimulate a switch in neurotransmitter phenotype 
(Bamber et al., 1994; Banner and Patterson, 1994; Fan 
and Katz, 1993; Fann and Patterson, 1993; Kalberg et 
al., 1993; Ludiammand Kessler” 1993: Ludlam ef a7 
1994; Michikawa et al., 1992; Shadiack et al., 1993; Sun 
et al., 1994), and second to enhance the survival of 
nerves, especially after explant or injury (Banner and 
Patterson, 1994; Cheema et al., 1994a,b; Kotzbauer et 
al., 1994; Martinou et al., 1992; Murphy et al., 1993; 
Richards et al., 1992: Thaler et al 994 Ure ang 
Campenot, 1994; Zurn and Werren, 1994). Evidence is 
also emerging that LIF may control the generation of 
mature astrocytes (Nishiyama et al., 1993; Yoshida et al, 
1993) and oligodendrocytes (Barres et æl., 1993; Mayer 
et al., 1994). 

Patterson and colleagues demonstrated that LIF was 
capable of inducing a switch in the neurotransmitter 
phenotype of sympathetic nerves from adrenergic to 
cholinergic (Fukada, 1985; Yamamori et al., 1989). This 
switch was accompanied by a reduction in the expression 
of tyrosine hydroxylase and hence catecholamine 
expression, while increasing the expression of choline 
acetyltransferase (Fukada, 1985; Nawa et al., 1991; Ure 
et al., 1992; Yamamori et al., 1989). LIF also enhances 
expression of peptide neurotransmitters including 
somatostatin, | substance-P, vasoactive intestinal 
polypeptide (VIP), cholecystokinin, and enkephalin 
(Fann and Patterson, 1993; Nawa et al., 1991). 

To survive in vitro, cultures of neuronal precursors 
and mature nerves require the addition of cytokines 
termed neurotropic factors. LIF enhances the survival of 
neuronal tissue from a variety of sources or following 
injury (Banner and Patterson, 1994; Cheema et al., 
1994a,b; Kotzbauer et al., 1994; Martinou et al., 1992: 
Murphy et al., 1993; Richards e¢ al., 1992; Thaler et ai., 
1994; Ure and Campenot, 1994; Zurn and Werren, 


1994). Many of the actions of LIF on nerve cells are 
shared by the cytokine CNTF (Kotzbauer et al., 1994; 
Thaler et al., 1994; Zurn and Werren, 1994), reviewed in 
Patterson (1992, 1994), Patterson and Nawa (1993), 
Yamamori ( 1992). 


5.3.2 Muscle Cells 


In ‘addition to its capacity to support the survival of 
neuronal cells, LIF enhances the survival and 
proliferation of muscle cells (Austin et al., 1992; Austin 
and Burgess, 1991). LIF also acts as a chemotactic factor 
for muscle precursor cells (Robertson et al., 1993). Since 
LIF is often produced at the site of injury, the capacity to 
attract progenitor cells, to enhance their survival, and to 
stimulate their proliferation suggests that LIF might play 
a role in muscle repair following injury. 


5.3.3 Hepatocytes 


In response to injury and infection, hepatocytes increase 
the expression of a set of proteins known as the 
acute-phase proteins. These proteins include C-reactive 
protein, serum amyloid A, the protease inhibitors œ- 
antichymotrypsin and @,-antitrypsin, fibrinogen, Q,- 
acidglycoprotein, haptoglobin, and complement factor 
C3 (reviewed by Baumann, 1989). Acute-phase protein 
synthesis is at least in part controlled by cytokines 
produced at the site of injury, which enter the circulation 
and act on the liver. The identity of these important 
regulators has been elucidated primarily using hepatocyte 
cell lines, such as HepG2, that retain the ability to express 
acute-phase proteins (Baumann et al., 1980, 1983, 1984, 
1986, 1987a,b; Baumann and Eldredge, 1982; Baumann 
and Muller-Eberhard, 1987). In the presence of 
dexamethasone, cytokines such as LIF, 1L-6, IL-11, and 
OSM have been found to be powerful enhancers of 
acute-phase protein synthesis (Baumann et al., 1988, 
1989, 1993; Baumann and Schendel, 1991; Gauldie et 
al., 1987, 1989; Kordula et al., 1991; Marinkovic et al., 
1989; Piquet-Pellorce et al., 1994; Richards et al., 
1993). The effects of each cytokine on acute-phase 
protein synthesis are similar quantitatively and 
qualitatively (Baumann et al., 1980, 1983, 1984, 1986, 
1987a,b, 1988, 1989; Baumann and Muller-Eberhard, 
1987; Gauldie et al., 1987, 1989; Marinkovic et al., 
189). 


5.3.4 Adipocytes 


3T3-L1 is a preadipocytic cell line. Under appropriate 
culture conditions 3T3-L1 cells form mature adipocytes 
that accumulate fat and express enzymes such as 
lipoprotein lipase (Green and Kehinde, 1975; Green and 
Meuth, 1974). LIE inhibits the expression of lipoprotein 
lipase in 3T3-L1 adipocytes (Mori et al., 1989). dite 
effect of LIF on adipocyte differentiation does not, 
however, appear to be as dramatic as that of TNF 
(Marshall et al., 1994). As mentioned in Sections 4 and 
5.4, LIF reduces the amount of subcutaneous fat 77 vivo, 
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and when produced by tumor cells may be responsible 
for some cases of cachexia (Metcalf and Gearing, 
1989a,b; Metcalf et al., 1990; Mori et al., 1991). 


5.3.5 Osteoblasts, Osteoclasts and 
Chondrocytes 


Osteoclast activation is measured by examining bone 
resorption in cultures that contain osteoblasts, 
macrophages, and fibroblasts, in addition to osteoclasts. 
Evidence exists that the action of LIF in activating 
osteoclasts is indirect and occurs via osteoblasts. First, no 
increase in bone resorption is stimulated by LIF in pure 
cultures of osteoclasts—the action requires the presence 
of contaminating osteoblasts. Second osteoblasts but not 
osteoclasts express receptors for LIF at their cell surface 
(Allan et al., 1990). LIF appears to be produced within 
the bone microenvironment, by osteoblasts and 
macrophages as well as by synoviocytes and chondrocytes 
(Campbell et al., 1993; Greenfield et al, 1993; 
Hamilton et al., 1993; Lotz et al., 1992; Marusic et al., 
1993). LIF also effects a range of other functions of 
primary osteoblasts and osteoblastic cell lines. Notably, 
LIF acts as a mitogen and modulates the expression of a 
range of genes including tissue plasminogen inhibitor 
and alkaline phosphatase (Abe et al., 1986; Allan et al., 
1990; Evans et al., 1994; Hakeda et al., 1991; lshimi et 
al, 1992; Lotz et al., 1992; Lowe et aL 1991; Noda et 
al., 1990; Reid et al., 1990; Richards et al., 1993; Rodan 
et al., 1990; Van Beek et al., 1993). Cartilage, as well as 
bone formation, is also affected by LIF; LIF increases 
proteoglycan resorption in porcine cartilage (Carroll and 
Bella) 3 ): 


5.4 ELEVATION OF LIF 


LIF levels have been experimentally elevated in animals 
by three means: (i) injection or infusion of purified LIF 
(Barnard et al., 1994; Cheema et al., 1994a,b; Cornish et 
al., 1993; Metcalf et al., 1990; Moran et al., 1994; 
Waring et al., 1993a); (ii) engraftment with nonleukemic 
hemopoietic cell lines engineered to secrete LIF (Metcalf 
and Gearing, 1989a,b; Waring et al., 1993a); and (iii) the 
generation of transgenic mice in which LIF is expressed 
from a strong promoter (Bamber et al., 1994; Conquet 
et al., 1992; Shen et al., 1994). In each type of study the 
consequences of increased LIF levels appear to 
recapitulate, at least in part, the effects of LIF observed 
in vitro. 

Injection of LIF or LIF-producing hemopoietic cells 
into mice results in a complex pathology. Among the 
most dramatic effects observed is a rapid weight loss. 
Mice lose 30% of their body weight after 3 days of LIF 
injection. Weight loss can be attributed to an almost 
complete disappearance of subcutaneous body fat, 
correlating with the action of LIF on adipocytes 1m vitro 
(Metcalf and Gearing, 1989a,b; Metcalf et al., 1990); see 
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also Section 5.3.4 (Marshall et al., 1994; Mori et al., 
1989). In mice engrafted with LIF-producing 
hemopoietic cells which home to the bone marrow, there 
is a remarkable proliferation of osteoblasts and increased 
deposition of bone, to such an extent that hemopoiesis is 
almost nonexistent in the long bones (Metcalf and 
Gearing, 1989a,b). There is a compensatory increase in 
extramedullary hemopoiesis, especially in the spleen. 
Again the effect of LIF on osteoblasts 27 prvo is consistent 
with actions defined by zn vztro studies (Section 5.3.5). 
Although it has not been directly examined, evidence 
also exists that mice with elevated LIF levels undergo an 
acute-phase response; notably there is a reduction in the 
ratio of serum albumin to serum calcium and an increase 
in the erythrocyte sedimentation rate—both classic signs 
of an acute-phase reaction (Metcalf et al., 1990). 

Mice with elevated LIF levels also contain increased 
numbers of platelets, megakaryocytes, and 
megakaryocyte progenitor cells (Burstein et al., 1992; 
Metcalf and Gearing, 1989b; Metcalf et al, 1990; 
Waring et al., 1993a). These effects are of the same 
order as observed for IL-6 (Debili et a/., 1993; Imai e 
al., 1991; Koike et al., 1990; Warren et al., 1989; 
Williams eż æl., 1992) and IL-11 (Burstein et æl., 1992; 
Yonemura et al, 1992). Similar effects have been 
observed in rabbits (Moran et al., 1994) and primates 
(Farese et al., 1994) injected with LIF. The action of 
LIF on platelets and megakaryocytes occurs at low 
doses, thus when 20-200 ng of LIF is injected into mice 
once daily, weight loss and other adverse effects are not 
observed, while significant elevation of platelets and 
megakaryocyte is retained (Metcalf et al., 1990). 

Transgenic mice generated to express LIF and nerve 
growth factor (NGF) from an insulin promoter exhibit a 
number of interesting neuronal effects in the pancreas 
(Bamber et al., 1994). First, the number of neurons is 
increased owing to the action of NGF, while there is 
marked increase in the number of cholinergic neurons at 
the expense of adrenergic neurons owing to the action of 
LIF (Bamber et al., 1994). This result demonstrates that 
LIF effects neurotransmitter phenotype 77 vivo. LIF also 
enhances neuronal survival following axotomy. 
Application of LIF at the site of nerve damage results in 
retrograde transport of LIF and increases the survival of 
damaged nerves (Cheema et al., 1994a,b; Rao et al., 
1993): 


5.5 ANALYSIS OF LIF-DEFICIENT MICE 


Mice incapable of producing LIF have been generated by 
disrupting the LIF gene in ES cells using homologous 
recombination (Escary et al., 1993; Rao et al., 1993; 
Stewart et al., 1992). The resultant LIF-deficient mice 
appear to develop and behave normally. Interestingly, 
while males are fertile, female LIF-deficient mice never 
produce pups. The defect in these mice does not appear 
to be in the germ cells or in fertilization; rather it is at the 


level of blastocyst implantation (Stewart et al., 1992). 
Blastocysts do not implant in the uterus in the absence of 
LIF. An effect on blastocyst implantation is consistent 
with the tight regulation of LIF production in the uterus 
during pregnancy (see Section 4) (Bhatt et æl., 1991; 
Stewart et al., 1992). A similar effect is likely in humans, 
since LIF is also produced by the endometrium (Kojima 
et al., 1994). Whether certain forms of human infertility 
are due to mutations at the LIF locus is, however, 
unclear. 

While the inability of female mice to produce offspring 
is the most dramatic phenotype associated with an 
inability to produce LIF, other, more subtle, effects are 
also observed. For example, mice are claimed to contain 
reduced numbers of multipotential hemopoietic stem cells 
in the bone marrow and spleen and additionally to show 
defects in thymocyte stimulation (Escary et al., 1993). In 
both cases there appears to be a gene dosage effect, since 
mice with a single normal LIF allele show a phenotype 
intermediate to wild-type mice and LIF-deficient mice 
(Escary et al., 1993). Additional studies have suggested 
that while the neurotransmitter switch that occurs during 
embryonic development proceeds normally in LIF- 
deficient mice, changes occurring in response to nerve 
injury, such as enhanced VIP (vasoactive intestinal 
peptide) expression are defective (Rao et al., 1993). 


5.6 NATURAL INHIBITORS OF LIF 
ACTIVITY 


One inhibitor of LIF action has been described, a soluble 
form of the LIF receptor a chain (Layton et al., 1992) 
(see Section 6). In the mouse a secreted form of the low- 
affinity LIF receptor & chain is generated by alternative 
splicing (Gearing et al., 1991; Tomida et al., 1994). This 
soluble receptor binds murine LIF with a relatively low 
affinity (K,= I-2 nM), yet the concentrations present in 
normal mouse serum are sufficient to inhibit the 
biological activity of moderate concentrations of LIF im 
vitro (Layton et al., 1992, 1994a,b). In mice, the serum 
level of soluble LIF receptor is approximately 1 ug/ml; 
during pregnancy, however, the levels of soluble LIF 
receptor rise dramatically to 30-100 ug/ml, suggesting 
that during this time placing a limit on the systemic 
action of LIF is especially important (Layton et al., 1992; 
Tomida et al., 1993; Yamaguchi-Yamamoto et al., 1993). 
Serum LIF binding proteins have also been found in 
other species but have not yet been detected in humans 
(M.J. Layton and N.A. Nicola, personal 
communication). 


6. The Receptor 


Studies using '°1-LIF revealed that all LIF-responsive 
cells express high-affinity receptors for LIF on their cell 


surface (Allan et al, 1990; Godard et al., 1992; Hendry 
Ce Ue Hilton and Nicola, 1992; Hilton eral., 
Py ia, 1992; Oiu ef ai., 1994: Rodan et al., 1990: 
Williams et al, 1988; Yamamoto-Yamaguchi et al., 
1986). Receptor numbers are in general low, 50-3000 
per cell, and exhibit an apparent dissociation constant 
(K,) between 20 and 100 pM. Certain cell types express 
law-affinity receptor (K, = 1-2 nM) in addition to high- 
affinity receptors. The interaction between LIF and its 
low- and high-affinity receptors is governed by a similar 
association rate constant (k, = 5 x 10°-10’ min™ Mm’), 
however, the dissociation rate constant is different 
(k,=0.5-1.0 min? mM” vs 0.001-0.0002 min” m`) 
(Godard et al., 1992; Hilton and Nicola, 1992; Hilton eż 
fm 1988c, 199 1a). 

The molecular basis for high- and low-affinity LIF 
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receptors was elucidated with the cloning of the two 
components of the LIF receptor (Figure 20.5). A low- 
affinity LIF receptor o chain was cloned by expression in 
COS cells, and was found to be a member of the 
hemopoietin receptor family, which includes the 
receptors for growth hormone, prolactin, erythropoietin, 
thrombopoietin, G-CSF, GM-CSF, 1L-2, 1L-3, 1L-4, IL- 
Dy 1L-6, 1-7, 1L-9-1L-11; IL-12, es IL 15 OCN 
and 'CNTF (Bazan, 19901,b; Gearing cmaigloOiee Pic 
defining features of the hemopoietin receptor family are 
found in the extracellular region within the 200-amino- 
acid residue hemopoietin receptor domain. These 
features include two pairs of conserved cysteines and the 
5-amino-acid motif Trp-Ser-Xaa-Trp-Ser (WSXWS). 
Members of the hemopoietin receptors often have other 
modular domains within their extracellular region, 
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Figure 20.5 Schematic structure of the LIF receptor. The low-affinity LIF receptor comprises the LIF receptor a 
chain alone. The generation of a high-affinity receptor capable of signal transduction requires the presence of gp130. 
The positions of the conserved cysteine residues and the WSXWS motif within the hemopoietin receptor domain are 

shown by thin and thick Ilnes, respectively. 
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notably immunoglobulin-like domains and fibronectin- 
type III like domains (Figure 20.5). The low-affinity LIF 
receptor @ chain contains two hemopoietin domains, an 
immunoglobulin-like domain and three fibronectin type 
III domains (Gearing et al., 1991). A secreted form of the 
LIF receptor, produced by alternative splicing of the LIF 
receptor mRNA, has been identified in mouse but not 
man (Gearing et al., 1991; Layton et al, 1992; Tomida et 
al., 1994; Yamaguchi-Yamamoto et al., 1993). Soluble 
LIF receptor may be found in relatively high levels in 
mouse sera and increases 20- to 30-fold during pregnancy 
(Layton et al., 1992; Yamaguchi- Yamamoto et al., 1993). 
As described in Section 5.6, the soluble receptor may 
function as an antagonist of LIF action and therefore limit 
the effect of LIF at local sites of production. 

Expression of the LIF receptor @ chain in isolation fails 
to generate a high-affinity receptor capable of signal 
transduction (Gearing et al., 1991). A fully functional 
high-affinity receptor was found to require coexpression 
of the LIF receptor & chain and a second member of the 
hemopoietin receptor family gp130 (Gearing et al., 
1992a,b). gp130 itself cannot bind to LIF, but rather it 
interacts with the low-affinity complex of LIF and the 
LIF receptor o chain as well as a 150 kDa protein to form 
a high-affinity receptor capable of signal transduction 
(Heymann et al., 1996). 

The LIF receptor & chain and gp130 are components 
of other cytokine receptors (reviewed by Hirano et al., 
1994; Kishimoto et al., 1992, 1994). Indeed, gp130 was 
initially isolated as the affinity-converting and signal- 
transducing subunit of the 1L-6 receptor (Hibi er al., 
1990; Taga et al., 1989). Subsequently, it has been shown 
to play a similar role in the IL-11 receptor (Hilton et al., 
1994; Nishimoto et al., 1994; Yin et al., 1994; Zhang et 
al., 1994). The generation of high-affinity IL-6, and 
presumably IL-1l1, receptors requires binding to an o 
chain with a short cytoplasmic tail and the recruitment of 
two molecules of gp130, which become disulfide-linked 
(Murakami et al., 1993). Like the 1L-6 and IL-11 
receptors, the receptor for CNTF contains a low-affinity 
o chain, in this case with a GPI-anchor tethering it to the 
plasma membrane and gp130, but also requires the LIF 
receptor o chain (Davis et al., 1993; Ip et al., 1992; Stahl 
et al., 1993; Zhang et al., 1994). One form of the OSM 
receptor appears to be composed of the same subunits as 
the LIF receptor, that is, the LIF receptor o chain and 
gp130. Unlike LIF, however, OSM binds first to gp130 
with low affinity and then interacts with the LIF receptor 
a chain to generate a high-affinity receptor (Gearing and 
Bruce, 1992; Gearing ef al., 1992a)Oneitiitempasis of 
receptor structure, LIF and OSM would be expected to 
exhibit identical biological activities. OSM, however, acts 
upon cells on which LIF is inactive. One such OSM- 
specific biological effect is as a mitogen for Kaposi 
sarcoma cells (Miles et al., 1992; Nair et al., 1992). This 
suggests that there may also be an OSM-specific receptor. 
Other groups of cytokines share receptor subunits. GM- 


CSF, IL-3, and IL-5 share a common 6 chain, while IL- 
2, IL-4; IL-7, IL-9, IL-13, and IL-15 each"use the y 
chain of the IL-2 receptor. This phenomenon is likely, in 
part, to explain why cytokines often regulate an 
overlapping group of biological processes (reviewed by 
Kishimoto et al., 1994; Nicola and Metcalf, 1991). 

The cross-species binding and activity of human and 
murine LIF are particularly interesting (Ichibara et al., 
1997). Murine LIF does not bind to the human LIF 
receptor @ chain and interacts only very weakly to the 
combination of human LIF receptor o chain and human 
gp130 (Layton et al., 1994a,b; R. Clark, M.J. Layton, 
D.J. Hilton and N.A. Nicola, unpublished observation). 
In contrast, human LIF interacts with the murine LIF 
receptor @ chain, whether membrane-bound or soluble, 
with a higher affinity than murine LIF (K,= 10-20 pm 
versus l-2 nM) and, indeed, with a higher affinity than it 
interacts with the human LIF receptor a chain (Layton et 
al., 1994a,b). These properties have been exploited to 
map the residues in human LIF that allow it to bind to its 
own receptor @ chain and to bind to the murine LIF 
receptor @ chain with an unusually high affinity. The 
residues that are responsible for both properties are one 
and the same and appear to lie on one surface of the LIF 
molecule (Owczarek et al., 1993). 


7. Signal Transduction 


As described above, ligand-induced dimerization is an 
essential event in the formation of high-affinity receptors 
capable of signal transduction. Although the cytoplasmic 
domains of the LIF receptor and other members of the 
hemopoietin receptor family contain no intrinsic kinase 
domain, tyrosine phosphorylation occurs rapidly after 
receptor occupation (Amaral et al., 1993; Boulton et al., 
1994; Ip et al., 1992; Lord et al. Ol Thoni eraa a 
1994; Starr et al., 1997). Members of the interferon and 
hemopoietin receptor families have been found to 
interact with two classes of cytoplasmic receptor tyrosine 
kinases, the src family of kinases and the JAK kinases 
(reviewed by Darnell ez al., 1994; Ihle, 1994; Ihle et al., 
1994a,b). In the case of LIF, three members of the JAK 
kinase family, JAK1, JAK2, and TYK2, have been found 
to interact with the LIF receptor and to be 
phosphorylated and presumably activated upon 
stimulation with LIF (Boulton et al., 1994; Stahl et al., 
1994). In addition, in ES cells the src kinase member hck 
appears to interact with the receptor and to be rapidly 
phosphorylated and activated; moreover, production by 
ES cells of an activated mutant of hck renders these cells 
hypersensitive to LIF (Ernst et al., 1994). In the case of 
the JAK kinases, one group of likely downstream 
substrates are the STAT (signal transducers and activators 
of transcription) family of transcription factors. These 


molecules contain SH2 domains responsible for 


interaction with tyrosine phosphate residues and DNA- 
binding domains (reviewed by Darnell et al, 1994). 
Three STATs have been implicated in LIF signal 
transduction (Boulton et al., 1994; Lamb et al., 1994; 
Peia 1994) STATI, STAT3 and STATSB, also 
known as the acute-phase response factor (APRF) 
(Kuropatwinski et al., 1997). These molecules are also 
aqtivated to varying extents in response to IL-6, CNTF, 
IFN-a, IFN-y, platelet-derived growth factor (PDGF), 
and epidermal growth factor (EGF) (Boulton et al, 
1994; Fu and Zhang, 1993; Fujitani et al., 1994; Lamb 
et al., 1994; Matsuda and Hirano, 1994; Raz et al., 
1994; Ruff-Jamison et al., 1994; Shual et al., 1993; 
Wegenka et al., 1994; Zhong et al., 1994). Activation of 
STATs involves tyrosine phosphorylation, possibly by 
activated JAKs, and their migration from the cytoplasm 
to the nucleus where they increase the rate of 
transcription of genes with the appropriate target 
sequences in their promoters (reviewed by Darnell et al., 
1994). Ras appears to be a point of convergence for LIF 
signaling (Schwiemann et al., 1997). 

It is likely that signal transduction through the LIF 
receptor is more complex than a simple linear cascade of 
receptor dimerization leading to activation of JAKs, 
which in turn phosphorylate and activate STATs, which 
then alter transcription. Initial studies have revealed that 
a different region of the LIF receptor is required for 
stimulating BaF3 cell proliferation as compared with 
enhancing hepatic acute-phase synthesis (Baumann et al., 
1994). This suggests that the multitude of biological 
effects mediated by LIF rely on distinct, though possibly 
overlapping, signal transduction pathways. 


8. Murine Cytokine 


For the most part, the biology of LIF has been studied 
using mouse models and has not been found to differ 
from the activity of human LIF. Therefore the biology of 
murine LIF is described more thoroughly in other 
sections and the most important aspects of the murine 
LIF gene are described here. 

LIF is encoded by a single-copy gene found on 
chromosome 11A1] in the mouse (Kola et al., 1990). The 
murine and human LIF genes contain three exons and 
two introns (Stahl et al., 1990). In the mouse, but not 
the human or any other species, an alternative first exon 
has been described that is claimed to yield a protein in 
which the first four residues of the leader sequence are 
altered. It should be noted, however, that in order to 
generate the new signal sequence identified by Rathjen 
and colleagues, it is necessary to invoke an 
unprecedented splicing event (Gough et al, 1992; 
Rathjen et al., 1990). This putative minor change in a 
region of the protein which is presumably cleaved within 
the lumen of the endoplasmic reticulum during 
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translation is also claimed to direct the mature LIF 
protein to a matrix-bound rather than a soluble 
extracellular location (Rathjen et al, 1990). The 
mechanism by which this occurs has not been clarified. 

Nucleotide sequence analysis of the mouse LIF gene 
revealed four TATA-like elements within a region of 340 
bp 5’ of the translational start codon of exon 1 (Stahl et 
al., 1990). A major transcriptional start site adjacent to 
the most proximal of these TATA boxes has been located 
(Stahl et al., 1990), while a minor transcriptional start 
site was identified adjacent to the second most distal 
element (Stahl et al., 1990). 

The minimal essential region of the 5’ flanking region 
able to function as a promoter of transcription of a 
reporter gene (the bacterial chloramphenicol 
acetyltransferase (CAT gene) has been found to consist of 
the major start site of transcription (nucleotide +1), the 
proximal TATA box (nucleotide -31) and an additional 
50-72 nucleotides (Stahl and Gough, 1993). 

A negative regulatory element was identified between 
positions -249 and —360. The negative influence of this 
region on promoter function could be overridden by the 
SV40 viral enhancer or, more interestingly by the 
sequence —660 to -860 of the murine LIF gene, 
suggesting the existence of an enhancer-like element in 
this region (Stahl and Gough, 1993). 


9 Cytokine in Disease and Therapy 


LIF is yet to be used clinically. Perhaps the most 
promising potential clinical use of LIF is in the elevation 
of platelet levels (reviewed by Metcalf, 1991). Although 
LIF appears capable of shortening the period of 
thrombocytopenia following platelet destruction in 
animal models (Farese et al, 1994; Akiyama et al., 
1997 a,b), the clinical use of LIF in this setting may be 
restricted for two reasons. First, the recently cloned 
thrombopoietin increases platelet numbers more 
dramatically than LIF or the related cytokines IL-6 and 
IL-11 (Burstein ef al., 1992; de Sauvage et al, 1994; 
Debili et al., 1993; Farese et al., 1994; Imai et al., 1991; 
Kaushansky et al., 1994; Koike et al., 1990; Lok et al., 
1994; Metcalf and Gearing, 1989b; Metcalf et al., 1990; 
Moran et al., 1994; Waring et al., 1993a; Warren et al., 
1989; Wendling et al., 1994; Williams et al., 1992; 
Yonemura et al., 1992); and second, although platelet 
elevation occurs in mice at LIF doses that are well 
tolerated (Metcalf et al., 1990), LIF, like IL-6 and IL-11, 
is extremely pleiotropic (see Section 5; reviewed by 
Gough and Williams, 1989; Hilton, 1992; Hilton and 
Gough, 1991; Kurzrock et al, 1991; Metcalf, 1991, 
1992; Ryffel, 1993; Van Vlasselaer, 1992). Clinical use of 
LIF in a local rather than systemic manner requires 
development of more advanced delivery systems. If these 
delivery systems are developed, application of LIF to the 


288 D.J. HILTON AND N.M. GOUGH 





repair of bone, nerve, and muscle tissue following injury 
might be envisaged. 

Clinical applications might also be found for LIF m 
vitro. Recent work suggests that LIF enhances the 
survival and retroviral infection of hemopoietic stem cells 
in vitro, thus LIF may find a role in protocols for gene 
therapy or hemopoietic reconstitution following 
marrow-ablative therapy (Dick et al., 1991; Fletcher et 
Aig 90.199)4.b): 

The remarkable affinity of the soluble murine LIF 
receptor for human LIF also suggests that the receptor 
might be used as an antagonist in situations where LIF 
production is pathological (Layton et al., 1994a,b). One 
situation where localized LIF production has adverse 
affects is seen in arthritis; administration of the soluble 
LIF receptor directly into the joint may therefore be of 
therapeutic value. 
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l. Introduction 


The discovery of the kit ligand/stem cell factor/Steel 
factor/mast cell growth factor is intimately linked with 
the study of two very well known mutations in mice 
known as W (dominant white spotting) and S/ (Steel). 
The W mutation was first described in the early part of 
the twentieth century and was found to be a 
pleiotrophic mutation (reviewed in Russell, 1979; 
Silvers, 1979a). Mice afflicted with mutations at the W 
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locus were originally identified because of a change in 
their pigmentation, which is generally seen as a 
nonpigmented white spot on their bellies. Inheritance 
of the spotting defect was dominant in crosses with 
normally pigmented animals. In addition to the 
pigmentation defect, detailed examination of these 
mice showed that they also suffered from defects in 
germ cell development (manifested as reproductive 
difficulties) and in hematopoiesis (characterized by a 
macrocytic anemia). Over the years a number of alleles 
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of the W locus were described, all of which manifested 
themselves with this same pleiotrophic phenotype. 
Genetic analysis showed that all of these alleles 
mapped to the same location on mouse chromosome 
9: 

A second mutation in mice that had a phenotype 
virtually identical to that observed in W mice was 
discovered in the 1950s. Despite the similarities in 
phenotype, this new mutation, termed Steel (S/), was 
found to map to mouse chromosome 10 (reviewed in 
Russell, 1979; Silvers, 1979b). The fact that two 
different mutations on different chromosomes led to 
the same complex phenotype that affected 
pigmentation, germ cells, and hematopoiesis led 
researchers to conclude that there would likely be some 
relationship between the proteins encoded at these loci. 
Elizabeth Russell, who had done much of the 
pioneering research on both of these mutations, 
suggested that W and S/ loci might encode a receptor 
and its cognate ligand (Russell, 1979). The identity of 
this putative receptor-ligand pair remained a mystery 
for another decade. 

A breakthrough in this area came when it was shown 
that the W locus encoded a tyrosine kinase receptor 
protein known as c-kit (Chabot et al., 1988; Geissler et 
al., 1988). A segment of the c-kit gene had originally 
been identified as the transforming protein (v-k7t) 
contained within the Hardy—Zuckerman 4 strain of 
feline sarcoma virus (Besmer et al, 1986). With the 
recognition that the W locus encoded a receptor, it was 
immediately suspected that the S/ locus would encode 
the ligand for that same receptor. A soluble form of 
the c-kit receptor was shown to bind to fibroblasts 
from normal mice, but not to fibroblasts isolated from 
mice carrying a mutation at the S/ locus (Flanagan and 
Leder, 1990). Cloning of the gene encoded at the S/ 
locus was accomplished simultaneously by three 
different groups (see below). Once the ligand had been 
cloned, its biological activities were determined; the 
various names given to the protein reflect the variety of 
its biological activities. One group referred to the 
protein as mast cell growth factor, since it stimulated 
the proliferation of murine mast cell lines (D.E. 
Williams et al., 1990). A second group referred to the 
protein as stem cell factor, since the protein stimulated 
colony formation from primitive hematopoietic cells 
(Zsebo et al., 1990b). A third group named the 
protein kit ligand, which reflected the fact that the 
protein cloned is in fact a ligand for the c-kzz tyrosine 
kinase receptor (Huang et al., 1990). The protein has 
also been referred to as multipotential growth factor 
since it functions on so many different cell types 
(Hooper, 1990). In this review we will use the name 
Steel factor for this protein, since it has been shown to 
be encoded at the Steel locus on mouse chromosome 
10 (Copeland et al., 1990; Huang et al., 1990; Zsebo 
et aime 1990a). 


2. The Gene 


2.1 CLONING OF THE STEEL FACTOR 
GENE 


As mentioned above, purification of the Steel factor 
protein and the cloning of a cDNA encoding this factor 
were reported simultaneously by three different groups, 
each of which had discovered a different source of the 
factor (Huang et al, 1990; Martin eż al, 1990; D.E. 
Williams et al., 1990) (Figure 21.1). All three groups 
used a similar approach in that they first purified the 
protein from medium conditioned by a cell line, obtained 
N-terminal amino acid séquence, and then made 
degenerate oligonucleotide primers based on the protein 
sequence in order to isolate cDNA clones by the 
polymerase chain reaction (PCR). D.E. Williams and 
coworkers (1990) originally detected an activity in 
medium conditioned by a bone marrow stromal cell line, 
isolated from normal mice, that stimulated the 
proliferation of a mast cell line (Boswell et al., 1990). A 
stromal cell line from Stee/ mice was unable to provide 
this stimulation, suggesting that the activity resulted 
from a protein that was a product of the Szee/ locus. The 
protein was subsequently shown to be both a ligand for 
the c-kzt tyrosine kinase receptor and to be encoded at 
the Steel locus (Anderson et al., 1990; Copeland et al., 
1990; D.E. Williams ez al., 1990). 

A second group, working independently, isolated 
the Steel factor protein from medium conditioned by a 
Buffalo rat liver cell line. Their biological assay was 
detection of an activity that stimulated the 
proliferation of hematopoietic precursor cells present 
in the marrow of mice treated with 5-fluorouracil. 
Analysis of the protein showed it to be both a ligand 
for the c-kit tyrosine kinase receptor and to be 
encoded at the Steel locus (Martin et al., 1990; Zsebo 
cai 199025) 

A third group, also working independently, purified 
their Steel factor protein from medium conditioned by 
BALB/c 3T3 cells and assayed its activity on bone 
marrow-derived mast cells. This group also showed that 
the protein was a ligand for the c-kit tyrosine kinase 
receptor and was encoded at the Steel locus (Huang et 
al T9207: 


2.2 CHROMOSOMAL LOCATION OF 
THE STEEL FACTOR GENE 


The human gene encoding the Steel factor has been 
localized to human chromosome 12q22-24 (Anderson et 
al, 1991; Geissler et æl., 1991) in a region that is 
syntenic with the corresponding region of mouse 
chromosome 10. 
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1 ccgcctcgcgcecgagactagaagcgctgcggaagcagggacagtggagagggcgcetgcegcetcgggctacccaatgcgtggactatctgcc 90 
91 gccgctgttcgtgcaatatgctggagctccagaacagctaaacggagtcgccacaccactgtttgtgctggatcgcagcgetgectttcc 180 
181 ttATGAAGAAGACACAAACTTGGATTCTCACTTGCATTTATCTTCAGCTGCTCCTATTTAATCCTCTCGTCAAAACTGAAGGGATCTGCA 270 
271 GGAATCGTGTGACTAATAATGTAAAAGACGTCACTAAAT TGGTGGCAAATCTTCCAAAAGACTACATGATAACCCTCAAATATGTCCCCG 360 
361 GGATGGATGTTTTGCCAAGTCATTGTTGGATAAGCGAGATGGTAGTACAATTGTCAGACAGCTTGACTGATCTTCTGGACAAGTTTTCAA 450 
451 ATATTTCTGAAGGCTTGAGTAATTATTCCATCATAGACAAACTTGTGAATATAGTGGATGACCTTGTGGAGTGCGTGAAAGAAAACTCAT 540 
541 CTAAGGATCTAAAAAAATCATTCAAGAGCCCAGAACCCAGGCTCTTTACTCCTGAAGAATTCTTTAGAATTTTTAATAGATCCATTGATG 630 
631 CCTTCAAGGACTTTGTAGTGGCATCTGAAACTAGTGATTGTGTGGTTTCTTCAACATTAAGTCCTGAGAAAGATTCCAGAGTCAGTGTCA 720 
721 CAAAACCATTTATGTTACCCCCTGTTGCAGCCAGCTCCCTTAGGAATGACAGCAGTAGCAGTAATAGGAAGGCCAAAAATCCCCCTGGAG 810 
811 ACTCCAGCCTACACTGGGCAGCCATGGCATTGCCAGCATTGTTTTCTCTTATAATTGGCTTTGCTTTTGGAGCCTTATACTGGAAGAAGA 900 
901 GACAGCCAAGTCTTACAAGGGCAGTTGAAAATATACAAATTAATGAAGAGGATAATGAGATAAGTATGTTGCAAGAGAAAGAGAGAGAGT 990 
991 TTCAAGAAGTGTAAattgtggcttgtatcaacactgttactttcgtacattggctggtaacagttcatgtttgcttcataaatgaagcag 1080 

1081 ctttaaacaaattcatattctgtctggagtgacagaccacatctttatctgttcttgctacccatgactttatatggatgattcagaaat 1170 
1171 tggaacagaatgttttactgtgaaactggcactgaattaatcatctataaagaagaacttgcatggagcaggactctattttaaggactg 1260 
1261 cgggacttgggtctcatttagaacttgcagctgatgttggaagagaaagcacgtgtctcagactgcatgtaccatttgcatggctccaga 1350 
351 aatgtctaaatgctgaaaaaacacctagctttattcttcagatacaaactgcag 1404 


Figure 21.1 


2.3 ALTERNATIVE SPLICING OF STEEL 
FACTOR MRNAS 


The cloned Steel factor gene was shown to encode a 
transmembrane protein that underwent proteolytic 
cleavage to generate a soluble form of the protein (Figure 
21.2). Alternative splicing of Steel factor mRNAs has 
been reported in both the mouse and the human proteins 
and has been suggested to be a method of regulating the 
generation of soluble versus membrane-bound forms of 
the protein (Anderson et al., 1990, 1991; Flanagan et al., 
1991; Huang et al., 1992; Lyman and Williams, 1991). 
The Steel factor protein can undergo cleavage at either of 
two alanine residues (residues 164 or 165 that are found 
within the extracellular domain of the protein) to 
generate a soluble form of the protein that is biologically 
active (Anderson et al., 1990; Lu et al., 1991; Martin et 
al., 1990). This site is considered to be the primary 
cleavage site within the protein (Majumdar et al., 1994). 

Alternative splicing of mRNAs encoding the Steel 
factor has been demonstrated in both mouse and human 
genes (Anderson et al., 1990, 1991; Flanagan et al., 
1991; Huang et al., 1992; Lyman and Williams, 1991). 
This splicing regulates the presence or absence of the 
sixth exon that encodes 28 amino acids and, as discussed 
above, contains the primary proteolytic cleavage site 
(Huang et al., 1992; Majumdar et al., 1994). The ratio 
of protein isoforms containing this sixth exon varies from 
tissue to tissue (Huang et al., 1992). The presence of the 
sixth exon is not required for proteolytic cleavage of Steel 


Gene sequence of the human SCF gene. Adapted from Martin et a/., 1990. 


factor. Data have been presented indicating that there is a 
secondary cleavage site present in a stretch of amino acids 
encoded by exon 7 at a site just upstream of the 
transmembrane domain. This cleavage site can also be 
used to generate a soluble form of the ligand (Majumdar 
et al., 1994). As discussed above, the cell-bound form of 
the Steel factor appears to be required for normal 
development in mice since a mutation (SI*) that 
eliminates the membrane-bound form of the factor, but 
still makes a biologically active soluble form, results in 
developmental abnormalities (Brannan et al., 1991; 
Flanagan et al., 1991). It is still unclear, however, how 
the alternative splicing of Steel factor mRNAs ıs 
regulated in a tissue-specific fashion, what regulates the 
proteolytic cleavage of the protein, and how these effects 
are manifested physiologically (McNeice and Briddel, 
19965). 


2.4 STRUCTURE OF THE GENOMIC 
LOCUS 


The genomic locus encoding the Steel factor has been 
cloned from human sources (Martin et al., 1990) (Figure 
21.2). The human gene contains at least eight exons that 
contain the entire coding region of the protein. Those 
intron:exon boundaries that have been identified are seen 
to occur at identical positions within the rat, human, and 
murine genes. 

Steel factor is structurally related to M-CSF and flt3 
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Figure 21.2 Alternative splicing of the human SCF gene. With kind permission of Vann Parker, Amgen. 


fieande (Ragan, 199a Eyman e ai 1993, 1994b; 
Hannum et al., 1994) and this is reflected in similar gene 
structure (Ladner et al., 1988; Martin et al., 1990) and 
alternative splicing in the sixth exon (Cerretti et al, 1988; 
L manei al, 1995). 


3. The Protein 


3.1 STRUCTURE OF THE PROTEIN 


The primary translation product of the Steel factor gene 
is a type l transmembrane protein; that is, the N- 
terminus of the protein is located outside of the cell 
(Figure 21.3). The human protein contains 273 amino 
acids; the first 25 of these amino acids constitute a signal 
peptide that is removed in the mature protein. In 
conventional numbering, the first amino acid of the 
mature protein is amino acid number 1, and therefore 
themetenal peptides numbered==95 rors a 
transmembrane protein, the Steel factor is biologically 
active on the cell surface (Anderson et al., 1990). As 
mentioned above, the Steel factor protein shares 
structural similarities to CSF-1 (Bazan, 1991b) and the 
flt3 ligand (Hannum et al, 1994; Lyman et al., 1993, 
1994b). There are four cysteine residues that are 
conserved between all three of these proteins; in the case 
of the Steel factor, it has been shown that these cysteine 
residues form two intramolecular disulfide bonds that 
establish the three-dimensional structure of the protein 
(Lu zt al, VOOT)= ihe seceli factor protcin is likely to 
form a four-helix bundle, since the related CSF-1 protein 
has been shown by x-ray crystallography to form a four- 
helix bundle with a structure similar to granulocyte- 
macrophage colony stimulating factor (GM-CSF) 
(Pandit et al; 1992) (Figures 21.4 and 21.5). 

Epitope mapping suggests that three regions in the 
first, third, and fourth helices of the protein are 
responsible for receptor binding (Matous et al, 1996; 


Mendiaz et al, 1996). The Steel factor protein exists as a 
noncovalent dimer in continual monomer exchange, 
with a pI of 5.0 (Arakawa et al., 1991; Lu et al, 1995, 
T9967 

The molecular mass of the ‘protein depends on a 
number of factors, such as the addition of N-linked and 
O-linked carbohydrates. Analysis of the human Steel 
factor produced by Chinese hamster ovary (CHO) cells 
showed it was glycosylated at asparagines 65 and 120, 
whereas asparagines 72 and 93 appear to be 
nonglycosylated (Langley et al., 1992). O-Linked sites of 
glycosylation were at serine 142 and at threonine 
residues 143 and 155. The CHO-derived material is 
about 30% sugars by mass (Arakawa et al., 1991). 


3.2 LOCATION OF INTRAMOLECULAR 
DISULEIDE BONDS 


Two intramolecular disulfide bonds help to establish the 
secondary structure of the Steel protein: cysteine 4 is 
linked to cysteine 89, and cysteine 43 to cysteine 138 (Lu 
et al., 1991). Circular dichroism spectra of the Steel 
factor protein show that it has considerable secondary 
structure, including both o-helical and B-sheet (Arakawa 
etal 1991 


3.53 CLEAVAGE OF THE STEEL FACTOR 
PROTEIN 


The mature Steel factor protein (from which the signal 
sequence has been removed) encodes a 248-amino- 
acid transmembrane protein (murine and human) that 
undergoes proteolytic cleavage to generate a soluble 
form of the protein that is 164-165 amino acids long 
(Martin et al, 1990) and is biologically active 
(Anderson et al., 1990; Huang et al., 1990; Zsebo et 
al., 1990b). The primary site for proteolytic cleavage 
is encoded within exon 6 (Martin et al, 1990); 
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Figure 21.3 The amino acid sequence of human SCF protein. The lines bisecting the alanine residue indicate the 
variable end residues of the soluble steel factor. Cysteine residues are shaded. Adapted from Martin et al., 1990. 


however, mutagenesis experiments have shown that 
there is a secondary proteolytic cleavage site just 
upstream of the transmembrane region (Majumdar et 
al., 1994). This secondary site is utilized only if the 
primary site is missing, which can occur by splicing 
out the sixth exon (Anderson et al., 1990; Flanagan et 
al., 1991; Toksoz et al., 1992). The protease that is 
responsible for cleavage of the Steel protein has not 
been identified, and it is unknown whether it is the 
same protease that generates soluble forms of the 
structurally related proteins CSF-1 and flt3 ligand. 
These growth factors, like Steel factor, are expressed as 
transmembrane proteins and have been shown to 
undergo proteolytic cleavage to generate soluble forms 
(Cerretti et al., 1988; Hannum et al., 1994; Lyman et 
al., 1993). 


4. Cellular Sources and Production 


4.1 EXPRESSION OF THE STEEL 
FACTOR PROTEIN 
Much of the information on where the Steel factor 


protein is expressed comes from in-situ hybridization 
studies performed in fetal and adult mice. lt is clear from 


these studies that the Steel protein (or at least mRNA 
encoding this protein) is widely expressed during 
embryogenesis. This widespread expression pattern 
suggests that the Steel factor effects the growth, survival, 
and/or differentiation of cells besides those three 
lineages (hematopoietic cells, germ cells, and 
melanocytes) shown to be affected in both W and S/ 
mutant mice. Compensatory mechanisms in these other 
tissues may prevent the deleterious effects like those 
observed in the tissues mentioned above. Cells 
expressing the Steel factor are frequently juxtaposed to 
cells expressing c-kzt, that is, there are complementary 
patterns of expression of the ligand and its receptor 
(Keshet et al., 1991; Matsui et al., 1990; Motro et al., 
1991); 

One primary role the Steel factor plays in 
embryogenesis is to establish a migratory gradient over 
which a number of c-kit-expressing cells move (e.g., 
primordial germ cells migrating into the developing 
gonad (Keshet et al., 1991; Matsui et al., 1990; Motro et 
al., 1991) and melanocyte precursors migrating into the 
skin (Punasaka et al, 1992)). Expression of the Steel 
factor in the gonad has been extensively examined in 
both normal and Steel mice in an effort to explain the 
patterns of sterility observed in some, but not all, S/ 
mutations (reviewed in Copeland et al., 1990). The Steel 
protein is expressed in the follicular (granulosa) cells that 
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Figure 21.4 The structure of the SCF protein products, 
their sizes, the locations and numbers of cysteine 
residues that are involved in intramolecular disulfide 
bonds on sites of N-glycosylation (Y) or potential 
N-glycosylation (170) (Anderson et a/., 1990; Arakawa 
et al., 1991; Flanagan et al., 1991; Huang et al., 1990; 
Langley et al., 1992; Lu et al., 1991; Martin et al., 1990). 
All characteristics depicted are conserved between rat 
and human SCF, except for one site of N-glycosylation, 
which occurs at amino acid 93 in the human and at 
amino acid 109 in the rat. Note: all amino acids 
numbered on the basis of their position in the 
mature peptide. Adapted from Galli, Zsebo and Geissler 
(1994). Advances in Immunology 55, 1-96. 


surround the ovary as well as the Sertoli cells of the testis 
(Keshet et al., 1991; Matsui et al., 1990; Motro et al., 
1991). In the brain, the Steel factor is expressed in a 
number of regions including the olfactory bulb, the 
cerebral cortex, the hippocampus, the dorsal thalamus, 
the dentate gyrus, and the cerebellum (Keshet et al., 
1991; Matsui et al., 1990; Motro et al., 1991). Steel 
factor has also been implicated as playing a role in the 
generation of autonomic gut motility (Huizinga et al., 
1995; Maeda eral, 1992). 

In addition to the sources identified by hybridization 
studies, expression of the ligand has also been 
demonstrated either by northern blot analysis or by 
assaying for activity in the supernatants of various cell 
lines. Thus, Steel factor has been shown to be expressed 
by stromal cells (Aye et al., 1992; McNiece et al., 1991), 
by fibroblasts (Anderson et al, 1990; Flanagan and 
Leder, 1990; Nocka et al., 1990), and by endothelial 
cells, where expression was upregulated by treating the 
cells with thrombin (Aye et al., 1992). Northern blot 
analysis also showed that the protein was expressed in 
fetal lung, heart, placenta, kidney, liver, brain, and 
visceral yolk sac (Matsui et al., 1990). 
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Figure 21.5 Proposed common tertiary structural 
frameworks of SCF. The four predicted helices of the 
SCF monomer are labled A to D. Allowed disulfide 
bridges (zig-zag lines; the second is occluded) could 
link cysteine residues 4—89 and 43-138 in SCF. From 
Bazan, 1991a. 


4.2 DIFFERENTIAL EXPRESSION OF 


STEEL FACTOR ISOFORMS 


As outlined above, there are two primary isoforms of the 
Steel factor protein; one of these includes amino acids 
encoded bya sixth exon (248 amino acids), the other does 
not (220 amino acids). Although numerous studies have 
been directed at examining expression of the Steel factor 
(Keshet et al., 1991; Matsui et al., 1990; Motro et al., 
1991), few studies have been done to examine which 
isoforms are present in each tissue. In one such study 
(Huang et al., 1992), an RNAase protection assay was 
used to show tissue-specific expression of the different 
isoforms. The primary isoform in fibroblasts was the 248- 
amino-acid form containing the sixth exon. The ratio of 
the form containing the exon to the form missin g the exon 
was 26:1 in brain, 3:1 in bone marrow, 1.5:1] in spleen, and 
1:2.6 in testis. The physiological significance of these 
altered isoform ratios is unknown, but presumably reflects 
a relative need by each tissue to produce a form capable of 
interacting with the appropriate c-kit-expressing cells. 


4.3 SOLUBLE STEEL FACTOR PROTEIN 


Functional, recombinant Steel factor protein (consisting 
of the extracellular domain of the protein) has been 
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produced in yeast (Anderson et al., 1990) as well as E. 
cok and CHO cells (Langley et al., 1992). Soluble 
naturally occurring Steel factor is thought to be 
generated by proteolytic cleavage of the protein 
expressed on the cell surface as described above. The 
Steel factor protein has been found to be normally 
expressed in human serum; circulating levels are in the 
range of l-8ng/ml (mean about 3ng/ml) as 
determined by an ELISA assay (Langley et al., 1993). 


5. Biological Activities 


Owing to the vast amount of research based on murine 
models, biological data derived from such sources have 
not been exclusively directed to the murine section of the 
chapter (Section 8). 


5.1 GERM CELLS 


Mice that are homozygous for mutations at the 
Dominant White Spotting ( W) and Steel (SZ) loci in mice 
are characterized by reproductive deficiencies. Detailed 
histological analysis of W and S/ embryos showed that 
mutations at these loci lead to the developmental failure 
of germ cells during early embryogenesis in both testis 
and ovary (reviewed in Russell, 1979). The nature of 
these fertility problems depends upon the mutation 
associated with each specific allele. For example, in the 
homozygous condition the mutation associated with the 
Slt allele leads to sterility in both male and female mice, 
whereas the mutation in the S/*’" and $Æ% alleles lead to 
sterility only in male or only in female mice, respectively 
(reviewed in Copeland et al, 1990). With the 
identification of the c-kit tyrosine kinase receptor and the 
Steel factor as the proteins encoded by the Wand S loci, 
respectively (see above), a number of investigations were 
launched to study the expression of these proteins during 
germ cell development (Keshet et al., 1991; Motro et al., 
1991; Orr-Urtreger et al., 1990). 

Primordial germ cells originate in the allantois and 
migrate to the developing genital ridges between days 
9.5 and 11.5 (Bennett, 1956; Donovan et æl., 1986; 
Mintz and Russell, 1957). In-situ hybridization analysis 
showed that the primordial germ cells, which express c- 
kit, migrate to the genital ridge along a gradient of cells 
that express the Steel factor protein (Keshet et al., 1991; 
Motro et al., 1991). Once the germ cells have migrated 
into the genital ridge, the gradient of Steel factor 
expression along the pathway disappears. These data 
suggest that it is the expression of Steel factor protein 
along this migratory pathway that guides the germ cells 
to the genital ridge. The c-kit receptor is expressed in 
primordial germ cells of fetal gonads (Orr-Urtreger et al., 
190). 

A number of studies have been done that show that 


the Steel protein is required for the growth of murine 
primordial germ cells in culture (Dolci et al., 1991; 
Godin et al., 1991; Matsui et al., 1991). Antibodies that 
block Steel factor (expressed on feeder cells) from 
binding to c-kit on the surface of the primordial germ 
cells were shown to inhibit the growth of the germ cells 
(Matsui et al., 1991). These studies also revealed that a 
soluble form of Steel factor protein cannot substitute for 
membrane-bound Steel factor to promote the long-term 
survival of primordial germ cells in culture. The reason 
for this is unknown, but presumably reflects the need for 
a second accessory molecule(s) expressed only on the 
surface of the feeder cells. Steel factor has been shown to 
promote primordial germ cell survival by suppressing 
apoptosis (Pesce et al., 1993). 

Spermatogenesis is controlled by the release of 
hormones of the anterior pituitary gland. These 
hormones do not act directly on germ cells themselves, 
but stimulate the somatic cells in the gonad that then act 
to stimulate the germ cells. Steel factor has been shown 
by several groups to be produced by murine Sertoli cells 
(Rossi et al., 1991; Tajima et al., 1991), and analysis of 
Sertoli cells derived from S/°/SI° mice showed that a cell- 
bound form of Steel factor was required to support the 
growth of c-kit-expressing mast cells (Tajima et al., 
1991). Follicle stimulating hormone can induce levels of 
Steel factor mRNA in mouse Sertoli cells (Rossi et al., 
1993). Sertoli cells, however, do not express the c-kzt 
receptor (Yoshinaga et al., 1991). 

In contrast, c-kit is expressed in murine germ cells, 
particularly in spermatogonia, the earliest stage of 
spermatogenesis in the mouse (Manova et al., 1990; 
Sorrentino et al., 1991). No c-kit was expressed in later 
spermatocytes (Yoshinaga et al., 1991). Therefore, c-kit 
expression (and by implication Steel factor) is only required 
for certain intermediate steps of spermatogenesis, 
specifically those involved in division of type A (but not type 
B) spermatogonia (Yoshinaga etal., 1991). Steel factor was 
able to stimulate thymidine incorporation by isolated germ 
cells that had been enriched for spermatogonia (Rossi etal., 
1993). An anti-c-kzt monoclonal antibody (ACK2) that 
blocks Steel factor binding to the receptor was tested for its 
capacity to interfere with the development of male or 
female germ cells (Yoshinaga et al., 1991). Intravenous 
injection of ACK2 into male mice led to the depletion of 
differentiating, but not nondifferentiating, type A 
spermatogonia. Interestingly, ACK2 had no apparent effect 
on oocyte maturation even though those cells express high 
levels of c-kit. ACK2 also did not effect Leydig cell function 
(measured as testosterone production) even though these 
cells also express high levels of c-kit. 

A number of testicular germ cell tumors have been 
analyzed for c-kit expression; 80% of seminomas but only 
7% of non-seminomas expressed this receptor 
(Strohmeyer et al., 1991). Unfortunately, the tumor cells 
in this study were not tested for their capacity to 
proliferate in Steel factor. In another study, Steel factor 
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and c-kit expression were shown to be dysregulated in a 
collection of primary male germ cell tumors (Murty et 
Hi T1992): 

Analysis of c-kit and Steel factor expression in adult 
ovaries revealed a complementary pattern of expression 
(Keshet et al., 1991; Motro et al., 1991). The c-kit 
receptor is expressed in the oocytes, but not in the 
granulosa cells that support the oocytes. c-kit receptor 
expression has not been detected in late fetal ovaries; 
expression was maximal in ovaries of juvenile mice and 
declined in adult ovaries (Manova et al., 1990). This time 
course of c-kit expression is consistent with the 
expression of c-kzt in primordial and growing oocytes. 
The c-kit receptor has been shown to be expressed on 
primordial, growing, and full-grown oocytes both by 
northern blot analysis and by indirect immuno- 
fluorescence (Manova et al., 1990). After fertilization of 
the egg, c-kit levels decline rapidly and are undetectable 
in blastocysts (Manova et al., 1990). 

Steel factor is produced by the granulosa cells that 
surround the developing oocytes, but not by the oocytes 
themselves (Keshet et al., 1991; Motro et al., 1991). 
Steel factor stimulated the proliferation of oocytes in an 
in vitro culture system, and this proliferation was 
inhibited by ACK2, which blocks binding of Steel factor 
to the receptor (Packer et al., 1994). The ACK2 
antibody has also been shown to inhibit the growth of 
primordial germ cells on a feeder layer of cells that 
produce Steel factor (Matsui et al., 1991). 

As outlined above, Steel factor is required for the 
survival zn vitro of primordial germ cells. Analysis of the 
Steel-Dickie (S/“) mutation showed that animals.carrying 
this allele are capable of making a soluble form of the 
protein that is biologically active, but not a membrane- 
bound form (Brannan et al., 1991; Flanagan et al., 
1991). However, the soluble form of the Steel factor 
cannot support the long-term survival of primordial 
germ cells in culture (Dolci et al., 1991), which is 
consistent with the observation that both S/*/S/* and 
SI/SI* mice are sterile. The exact difference in the 
biological activity of the membrane-bound and soluble 
isoforms of the Steel factor is unknown but is being 
investigated. Membrane-bound Steel factor appears to be 
required for binding of germ cells (which express c-kit) 
to Sertoli cells. Germ cells do not bind to Sertoli cells 
isolated from Sl“ mice, but this binding activity can be 
rescued by ectopic expression of the transmembrane 
form of the Steel factor in these Sertoli cells (Marziali et 
al., 1993). The relative expression of isoforms of the 
Steel factor (which differ in their capacity to undergo 
proteolytic cleavage) has been reported to be 
developmentally regulated (Marziali et al., 1993). 


5.2 MELANOCYTES 


As outlined above, the most obvious phenotype of the 
pleiotrophic defects associated with the Steel or Wloci are 


the effects on coat color. The pigmentation deficiencies 
are believed to be due to a failure of neural crest-derived 
melanocytes either to migrate to their proper location in 
the skin or to survive there following migration. Mice 
that are homozygous for mutant alleles at either the Steel 
or W loci (or at least at those alleles that are not 
homozygous lethal) are generally black-eyed animals 
with white fur. The black eyes distinguish these animals 
from true albinos, which have nonpigmented or pink 
eyes. The melanocyte lineage is derived from neural crest 
cells that migrate from the apex of the neural tube to the 
dorsal region of the somites (Mayer, 1970). Pigmented 
cells in the retina that give the eye its color, however, are 
derived from the neural tube‘and are not affected in S/or 
W mice. In addition to the obvious effects on skin 
pigmentation, failure of melanocyte migration and/or 
establishment can manifest itself as other problems in 
affected mice. These include hearing deficiencies as a 
result of problems in the stria vascularis in the inner ear 
(Deol, 1970; Steel and Barkway, 1989) or night 
blindness resulting from problems associated with 
melanocytes that populate the choroid structure in the 
eye (Dräger, 1986; Drager and Balkema, 1987). 

In-situ. hybridization studies have shown that 
melanocyte precursors (expressing c-kit) migrate along a 
gradient of Steel factor expression in a manner consistent 
with a chemotactic role for Steel factor (Keshet et al., 
1991). Murphy and coworkers (1992) showed that 
melanocyte precursor cells survive transiently, but do not 
proliferate, in response to Steel factor alone. The factor is 
required for maintenance, but not differentiation, of 
neural crest-derived melanocyte precursors. The transient 
nature of the requirement for Steel factor for melanocyte 
precursors in the neural crest has been confirmed 
(Morrison-Graham and Weston, 1993). In addition, 
Steel factor alone was not capable of stimulating melanin 
production im vitro. Nishikawa and coworkers (1991) 
reported that injection of ACK2 antibodies into pregnant 
mice on or about day 14.5 of gestation resulted in coat 
color abnormalities after birth. Therefore, interruption 
of interactions between Steel factor and c-kit during 
embryonic development in normal mice produced a 
phenotype similar to that seen in W or Sl mice and 
demonstrated the critical nature of these receptor-ligand 
interactions. An unexpected finding in these studies was 
the ability to modulate coat color in neonatal and adult, 
normally pigmented wild-type mice by injection of the 
anti-c-kit antibody (Nishikawa et al., 1991). These 
experiments indicate that c-kit/Steel factor interactions 
are required not just during embryogenesis but 
throughout life to maintain the viability of melanocytes. 

Melanocytes can readily be isolated from human 
foreskin tissue and propagated in vitro (Halaban et al., 
1987). Isolated melanocytes were shown to proliferate in 
response to Steel factor in combination with activators of 
protein kinase C (PKC), such as dbCAMP or TPA 
(Funasaka et al., 1992). Neither Steel factor nor the 
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activators of PKC alone were capable of sustaining 
melanocyte proliferation, although Steel factor had 
transient survival-promoting effects as a single agent. 
This requirement for multiple stimulators was similar to 
that observed with other proteins that stimulate 
melanocyte proliferation (e.g, fibroblast growth factors 
and hepatocyte growth factor), which only act in synergy 
with stimulators of protein kinases A or C. 

Rottapel and coworkers (1991) showed that the 
addition of Steel factor to melanocytes resulted in the 
rapid autophosphorylation of the c-kzt receptor, which 
was followed by a cascade of tyrosine phosphorylations 
on a number of intracellular substrates. ln contrast to 
the proliferative effects mentioned above, this phos- 
phorylation was not dependent upon dbCAMP or TPA. 
Proteins phosphorylated in melanocytes appear to be 
different from those proteins phosphorylated in mast 
cells, suggesting the utilization of lineage-specific signal 
transduction pathways. 

The c-kit receptor, although normally expressed in 
neonatal and adult melanocytes, is expressed in only a 
minority of cell lines established from human and murine 
melanomas (Lassam and Bickford, 1992; Zakut et al., 
1993). The lack of c-kit expression in the majority of the 
melanoma cell lines is likely due to a lack of transcription 
because the gene encoding this protein appears to be 
neither deleted nor rearranged (Zakut et al., 1993). The 
level of expression of the c-kit receptor in those 
melanoma cell lines that do express the receptor has been 
shown to be high (Zakut et al., 1993). Despite this, no 
constitutive c-kit autophosphorylation has been 
observed in a limited survey of fresh melanoma tissue, 
suggesting that autocrine or paracrine Steel factor/c-kzt 
stimulation is not involved in the pathophysiology of this 
malignancy (Funasaka et al., 1992). In addition, Steel 
factor did not stimulate the proliferation of freshly 
isolated melanoma cells in a manner similar to that 
observed in normal melanocytes (Funasaka et al., 1992). 
In fact, Steel factor has been shown actually to inhibit the 
growth of those melanoma cell lines that do express c- kat, 
probably by slowing down the cell cycle (Zakut et al., 
1293). 

There is a rare autosomal dominant genetic trait in 
humans known as piebald that manifests itself as a 
spotting defect similar to that seen in W and S/ mutant 
mice. Affected individuals have a white forelock as well as 
large nonpigmented patches on the chest and/or other 
locations. Not surprisingly, the piebald trait in humans 
has been shown to result from both missense and 
frameshift mutations in the c-kit tyrosine kinase receptor 
(Ezoe et al., 1995; Fleischman, 1992a,b, 1993; 
Fleischman et al., 1991; Giebel and Spritz, 1991; Spritz 
et al., 1992, 1993), which in mice is encoded at the W 
locus (Chabot et al., 1988; Geissler et al., 1988). 
Affected individuals are believed to be heterozygous for 
defects in the c-kit protein; the dominant nature of the 
trait is believed to reflect dominant negative effects of the 


mutant c-kzt allele. Such dominant-negative effects are 
believed to result from the fact that receptor dimerization 
(induced by Steel factor dimers) is required for proper 
biological function. One possible case of homozygous 
piebald trait has been reported, but this was before the 
molecular nature of the defect was known (Hulten et al., 
1987). 

Since pigmentation defects in mice carrying mutations 
at the Wand S/ loci are often indistinguishable, it would 
be reasonable to suspect that at least some cases of 
piebald trait in humans would arise from mutations in the 
Steel factor gene, i.e., from a defect in the ligand instead 
of the receptor. However, no defects in the Steel gene 
have ever been reported in piebald humans and, in cases 
where the molecular cause of this trait has been 
identified, it has always been shown to result from 
mutations in the c-kit receptor. Piebald trait thus 
represents the human homologue of the W defect in 
mice. 


5.3 HEMATOPOIETIC PROGENITOR 
CELLS 


Hematopoiesis involves the continual proliferation, 
differentiation, and self-renewal of a population of stem 
cells into at least eight distinct lineages. Factors that 
stimulate tyrosine kinase receptors have been shown to 
play a major role in this process. For example, CSF-1, the 
ligand for c-fms, regulates the proliferation, differentia- 
tion and survival of cells in the monocyte/macrophage 
lineage (Stanley et al., 1983). Also, the recently 
discovered flt3 ligand has been shown to stimulate the 
proliferation of both human and murine hematopoietic 
cells that were highly enriched for primitive progenitor 
and stem cells (Hannum et al., 1994; Lyman et al., 1993, 
1994a). 

A role for Steel factor in the regulation of 
hematopoiesis was first suggested by the analysis of 
naturally occurring W/W and S//SI* mutations in mice 
(Russell, 1979). As previously described, abnormalities in 
the hematopoietic system were one of the prominent 
phenotypes associated with these mutations. Specifically, 
the most significant defects were seen as a severe 
macrocytic anemia and a dramatic reduction of cells 
within the mast cell lineage. In addition, a reduction in 
hematopoietic stem cells was seen in the yolk sac and fetal 
liver of SI/SI mice (Chui and Russell, 1974; Ikuta and 
Weissman, 1992). However, mutations in the S/ or W 
locus did not disrupt every hematopoietic lineage, and 
hematopoiesis could occur in the absence of a functional 
Steel factor or c-kit. These results suggested a critical, 
although not essential, role for Steel factor in full lineage 
development and expansion of early hematopoietic 
progenitor populations. 

The cloning of Steel factor made it possible to test the 
capacity of this protein to stimulate purified hema- 
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topoietic populations. A significant amount of in vitro 
data has been generated over the years which has shown 
that Steel factor can directly stimulate purified stem cell 
populations. Steel factor appears to have little activity 
alone on these cells but can synergize with numerous 
cytokines in a variety of im vitro assays to stimulate cell 
proliferation. For example, de Vries and coworkers 
(1991) demonstrated that Steel factor could synergize 
with IL-l or IL-3 to stimulate the proliferation of 
purified stem cells in liquid culture. The development of 
multilineage colonies could also be induced with Steel 
factor plus erythropoietin, 1L-3, 1L-6, 1L-I1, or G-CSF 
(Ogawa et al., 1991; Tsuji et al., 1991, 1992). Moreover, 
Steel factor has been shown to enhance the development 
of high-proliferative-potential colony-forming cells 
(HPP-CFC) zn vitro (Kriegler et al., 1994; Lowry et al., 
1991; Muench et al., 1992; Williams et al., 1992). HPP- 
CFC are believed to represent some of the most primitive 
cells from the bone marrow that can be grown in vitro 
(Bartelmez et al., 1989; Hodgson et al., 1982). In these 
experiments, Steel factor was able to synergize with 
various combinations of CSF-1, 1L-3, IL-1, and IL-6 to 
stimulate maximum HPP-CFC development. 

Steel factor has also been shown to be a potent in vitro 
stimulator of primitive human hematopoietic cells. 
Several groups have shown that cells expressing the 
CD34 antigen are enriched for the most primitive 
progenitors. These cells can form HPP-CEFC colonies, 
contain the long-term bone marrow culture-initiating 
cell, and reconstitute hematopoiesis iz vivo (Berenson et 
al., 1988, 1991; Brandt et al., 1988; Gunji et al., 1992; 
McNiece et al., 1989; Sutherland et al, 1989). Analysis 
of CD34" cells demonstrated that c-kit expression could 
be detected on a subset of this population (Briddell et al., 
1992; Gunji et al., 1993). Consistent with these results, 
stimulation of CD34" bone marrow cells with Steel factor 
plus 1L-3, GM-CSF, or G-CSF resulted in increased 
numbers of granulocyte-macrophage colonies, whereas 
the combination of Steel factor, 1L-3, and erythropoietin 
produced macroscopic erythroid burst-forming units 
(BFU-E) (Bernstein eż al., 1991). Further analysis of a 
CD34" population depleted of the major 
histocompatibility class II locus HLA-DR and CD15 
showed that Steel factor could synergize with GM-CSE 
and IL-3, or a recombinant GM-CSF/IL-3 fusion 
protein (PIXY321), to promote the formation of HPP- 
CFC colonies (Brandt et al., 1992). Steel factor has also 
been shown to play a role in the survival of primitive 
progenitor cells (Brandt et al., 1994). Culturing CD34", 
HLA-DR, c-kit" cells in the presence of Steel factor 
maintained the frequency of colony formation and 
suppressed apoptosis for 48 hours. Thus, depending on 
which cytokines Steel factor is paired with, Steel factor 
has the ability to promote proliferation, differentiation, 
or survival of the most primitive human hematopoietic 
cells. 

The i vitro studies have clearly shown that Steel 


factor requires additional cytokines to exert its maximum 
effect on cell proliferation. Administration of Steel factor 
as a single agent zm vivo, however, has been shown to 
have dramatic effects on multiple lymphohematopoietic 
lineages. In mice, a transient expansion (3-5-fold) of 
hematopoietic stem cells was seen, in addition to 
mobilization out of the bone marrow compartment, as 
judged by a loss in radioprotective capacity (Bodine et 
al., 1993; Fleming et al., 1993). Stem cells isolated from 
the peripheral blood or spleens of these mice treated with 
Steel factor were found to confer an increased 
radioprotective capacity upon transfer to recipient 
animals and could completely repopulate the erythroid, 
myeloid, and lymphoid lineages of irradiated or W/W’ 
hosts (Bodine et al., 1993). In baboons, a dose- 
dependent expansion of hematopoietic colony-forming 
cells of multiple lineages in both blood and bone marrow 
was observed in response to Steel factor (Andrews et al., 
1991, 1992a). Moreover, an increase in circulating 
hematopoietic progenitors that were capable of 
engrafting and rescuing lethally irradiated baboons was 
observed following Steel factor treatment (Andrews et 
al., 1992b). In addition, a dose-dependent leukocytosis, 
reticulocytosis and increased marrow cellularity were 
seen. These effects were reversible, and normal cell levels 
were obtained 7-14 days after ceasing administration of 
Steel factor (Andrews et al., 1992a). The dramatic effects 
of Steel factor reported with 2” vivo animal models have 
resulted in the recent introduction of Steel factor into the 
clinic (Costa et al., 1993; Demetri et al., oS 

Both the 2” vitro and in vivo data have demonstrated 
that Steel factor can result in the expansion of multiple 
hematopoietic subpopulations. However, no convincing 
data have to date been presented that demonstrate a stem 
cell self-renewal activity associated with Steel factor. In 
vitro stimulation of isolated stem cells with Steel factor in 
combination with 1L-3 or IL-1 resulted in the survival of 
day-14 CFU-S forming cells for up to 14 days in liquid 
culture (de Vries et al., 1991). Likewise, the survival of 
Lin’, c-kit" cells or Lin” progenitors isolated from 5- 
fluorouracil-treated mice could be maintained for 7 days 
in the presence of Steel factor or Steel factor plus IL-3 
(Katayama et al., 1993; Miura et al., 1993). However, 
the ability to maintain long-term repopulating stem cells 
was not tested with secondary transplants in these 
studies. Bodine and coworkers (1992) reported that 
both short-term and long-term competitive repopulating 
cells isolated after 5-fluorouracil treatment could be 
maintained for 6 days in vitro with Steel factor. However, 
the cultured cells were not purified stem cells, and the 
presence of accessory cells that may have provided 
additional cytokines could not be ruled out. Li and 
Johnson (1994) demonstrated that the long-term 
repopulating ability of a stem cell-enriched population 
characterized by a Sca-1*, Lin’, Rh123"° phenotype could 
be maintained for 10 days in vitro in the presence of Steel 
factor, but the frequency for long-term engraftment 
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declined during 2” vitro culture in comparison to freshly 
isolated stem cells. The most consistent interpretation of 
the data, taken together, is that Steel factor can enhance 
in vitro survival, but not self-renewal, of primitive 
hematopoietic stem cells. It is also interesting to note 
that there is evidence that Steel factor acts as a major 
regulator of hematopoietic progenitor cell trafficking via 
ts potent chemotactic/kinetic influence on these cells 
(Okumura et al, 1996). 

As seen with the zm vivo data, Steel factor can also 
stimulate the development of granulocyte-macrophage 
progenitors zm vitro. Culturing of murine bone marrow 
cells in semisolid medium with Steel factor alone resulted 
in the development of small colonies containing blast 
cells and granulocytes (Metcalf and Nicola, 1991). 
However, Steel factor plus 1L-3, GM-CSF, CSF-1, or G- 
CSF resulted in dramatically larger colonies containing a 
variety of differentiated myeloid cell types (Heyworth et 
gimeh99 2yMetealfpl99))eFurthermore, theypresence of 
Steel factor was able to lower the concentration of IL-3 
or G-CSF needed for optimal colony formation 
(Heyworth et al., 1992). 


5.4 ERYTHROPOIESIS 


The role of Steel factor in the development and 
expansion of differentiated lineages has also been studied 
thoroughly. The hematological defects observed in SI 
mice are seen most dramatically in several differentiation 
pathways. Specifically, the erythroid and mast cell 
lineages are most severely compromised, whereas less 
severe defects are observed in the megakaryocytic and 
granulocytic lineages (Ebbe et al., 1973; Kitamura and 
Go, 1978; Ruscetti et al., 1976; Russell, 1979). More 
recent work with a c-it antagonist, the ACK2 
monoclonal antibody, has confirmed the importance of 
Steel factor in both myeloid and erythroid development 
(Ogawa et al., 1991). Injection of ACK2 into adult mice 
resulted in a dramatic reduction of hematopoietic 
progenitor cells from the bone marrow and the eventual 
disappearance of mature myeloid and erythroid cells. 
Interestingly, the 1L-7-responsive B cells were not 
effected by ACK2 treatment. These results suggest that 
Steel factor is required for full development of the 
myeloid and erythroid lineages, but the absence of Steel 
factor can be compensated for in the lymphoid lineage. 
A direct effect of Steel factor on erythropoiesis has 
been reported by numerous investigators (Anderson et 
al., 1990; Martin et al., 1990; D.E. Williams et al., 
1990). Steel factor alone has little effect on BFU-E 
colony formation but could synergize with 
erythropoietin, erythropoietin plus IL-3, and 
erythropoietin plus GM-CSF to enhance the number and 
size of BFU-E colonies (Broxmeyer et al., 1991; 
Papayannopoulou et al., 1993; Xiao et al, 1992). 
Moreover, Steel factor alone or in combination with 1L- 


3 or GM-CSF could induce erythroid colony formation 
in the absence of erythropoietin. Steel factor has also 
been shown to play a role in erythroid maturation. de 
Wolf and coworkers (1994) demonstrated that BFU-E 
colony forming cells were derived from CD34"/CD36" 
human marrow cells, whereas the more mature cells 
capable of forming CFU-E colonies were derived from 
the CD34 /CD36" cell population. Culturing of the 
CD34°/CD36 cells for 7 days in erythropoietin plus 
Steel factor resulted in the transition of BFU-E colony- 
forming cells to CFU-E colony-forming cells. This 
transition was also accompanied by the appearance of 
cells with the CD34 /CD36* phenotype. Consistent 
with the actions of Steel factor on erythroid cells 1” vitro, 
in vivo administration of Steel factor reversed the 
macrocytic anemia of S//SI* mice (Zsebo et al., 1990a) 
and caused an increase in circulating erythrocytes in 
baboons (Andrews et al., 1991). However, it appears that 
such responses are due to Steel factor acting by retarding 
differentiation of normal erythroid progenitors while 
enhancing their proliferation (Muta et al., 1995). 

Of potential clinical relevance is the observation that 
Steel factor could stimulate the i vitro erythroid 
development of marrow. cells isolated from 
Diamond-Blackfan anemia (Abkowitz et al, 1991; 
Bagnaraseea/., 1991; Olivieri et al., 199da The pnmary 
defect in this congenital disease is a macrocytic anemia. 
Steel factor could synergize with IL-3 and erythropoietin 
to increase the size and number of BFU-E in cells from 
Diamond-Blackfan patients. However, differences in 
responsiveness to Steel factor were seen in BFU-E 
production, with some patients not responding at all. 
Thus, it appears that Steel factor or c-kit defects are not 
the primary cause of this disorder, but that Steel factor 
can enhance erythroid development in a subpopulation 
of patients. There is increasing evidence that the 
erythropoietic activity of Steel factor is mediated by a 
unique interaction between the Steel factor and 
erythropoietin receptors (Olweus et al., 1995; H. Wu et 
AalealiODbi\: 


5.5 MAST CELLS 


The development of mature myeloid cells can also be 
enhanced by Steel factor. Most dramatic is the effect of 
Steel factor on the survival, proliferation, and 
differentiation of mast cells. Culturing of murine bone 
marrow cells in the presence of Steel factor will result in 
pure mast cell populations (Tsai et al., 1991). Likewise, 
several groups have demonstrated that Steel factor 
induces human mast cell differentiation from 
unfractionated cord blood mononuclear cells (Mitsui et 
al., 1993) or adult bone marrow (Galli et al, 1995; 
Valent et al., 1992). Moreover, culturing of human 
CD34’ cord blood cells in the presence of Steel factor 
and 1L-3 under serum-free conditions results in the 
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proliferation and survival of immature mast cells (Durand 
et al., 1994). These cells die if either Steel factor or 1L-3 
is removed. Data generated with mouse (Coleman et al., 
1993; Wershil et al., 1992) and human (Bischoff and 
Dahinden, 1992; Columbo et al., 1992) mast cells 
indicate that soluble forms of Steel factor can also activate 
these cells and stimulate their degranulation. Activation 
of mast cells through the FceR1 can be significantly 
enhanced by low concentrations of Steel factor 
(Columbo et al., 1992). Steel factor activity on mast cells 
also includes induction of histamine release (Lukacs et 
al., 1996; Nakajima et al., 1992; Taylor et al., 1995), 
adherence (Dastych and Metcalf, 1994; Kinashi and 
Springer, 1994), and chemotaxis (Meininger et al., 
1992). 


5.6 MEGAKARYOCYTES 


A role for Steel factor in megakaryocytopoiesis was first 
suggested in S//S/* mice in response to 5-FU ( Peer 
al., 1992). After 5-FU treatment, platelet counts drop 
significantly and return to normal levels very slowly in 
comparison to wild-type controls. Hunt and coworkers 
(1992) demonstrated that the administration of Steel 
factor to these 5-FU-treated SI//SI° mice could 
dramatically stimulate the recovery of platelet levels. In 
these experiments, the Steel factor-treated SJ/SI¢ mice 
recovered from the thrombocytopenia as quickly as their 
wild-type littermates. In addition, W/W’ mice did not 
demonstrate this enhanced recovery. Consistent with this 
observation, injection of Steel factor into untreated 
SI/SI* mice resulted in an increase of steady-state platelet 
levels (Zsebo et al., 1990a). 

The role of Steel factor on murine and human 
megakaryocyte proliferation and maturation has also 
been studied extensively in vitro as well as in vivo (Grossi 
et al., 1995). Alone, Steel factor has been shown to have 
little stimulatory effect on immature megakaryocyte 
progenitors. However, Steel factor can synergize with IL- 
3 or GM-CSF to enhance megakaryocyte colony 
formation of human CD34" bone marrow cells (Briddell 
et al, 1991). Using partially purified mouse bone 
marrow after 5-FU treatment, Tanaka and coworkers 
(1992) demonstrated that Steel factor plus IL-3 signi- 
ficantly increased the number of both megakaryocyte and 
granulocyte-macrophage-megakaryocyte colonies. In 
contrast, IL-3 plus 1L-6 enhanced only megakaryocyte 
colony formation. Steel factor also appears to play a role 
in megakaryocyte maturation. Debili and coworkers 
(1993) demonstrated that the megakaryocyte maturation 
of human CD34" cells, as judged by cell polypoidy, could 
be enhanced when Steel factor was combined with IL-6 
or IL-3. More recently, Steel factor has been shown 
to synergize with thrombopoietin to stimulate 
megakaryocyte development (Zeigler et al, 1994). 
Thrombopoietin alone could induce highly purified 


murine stem cells to differentiate along the 
megakaryocytic lineage and this differentiation could be 
enhanced with Steel factor. Interestingly, the 
combination of thrombopoietin and Steel factor also led 
to the production of cells from other myeloid lineages, 
but no megakaryocytes were observed if thrombopoietin 
was omitted. Steel factor is able to induce Fe receptor 
expression on megakaryoblasts, suggesting that this 
factor can influence both the development and function 
of megakaryocytes (Kiss et al., 1996). 


5.7 LYMPHOPOIETIC CELLS 


Lymphopoiesis in adult W or S/ mutant mice appears to 
be normal, even though intrathymically expressed Steel 
factor appears to be important in the expansion of very 
immature thymocytes i” vivo (Rodewald et al., 1995). 
The steady-state levels of circulating lymphocytes in the 
peripheral blood are normal as well as the number of B 
cells in the bone marrow and spleen. Only in certain W 
mutations can a perturbation in B cell development be 
observed (Landreth et al., 1994). In fetal W/W* and 
W'/W* mice, a reduction of absolute numbers of pre-B 
cells was observed. Moreover, W/W- and W*/W’- 
derived cells from adult bone marrow or fetal liver were 
both significantly less able to form B lymphocytes in 
lethally irradiated recipients in comparison to wild-type 
controls. These results suggest that a lack of Steel factor 
or functional receptor can be compensated for, resulting 
in normal levels of B cells in the adult animal. However, 
under active development or B cell regeneration, a 
reduced capacity for B cell expansion may exist. 

Murine B cell development in vivo is believed to 
involve the progressive maturation of specific 
subpopulations of cells. These populations have been 
characterized im vitro by the analysis of cell surface 
expression of specific antigens and the progressive 
rearrangement and expression of immunoglobulin (1g) 
genes. The earliest cells, termed pro-B cells, are defined 
by the expression of CD45 (B220) antigen and the 
retention of lg genes in germline configuration. Pre-B 
cells are more mature cells that retain B220 expression 
and progressively undergo rearrangement of the lg light 
and heavy chain genes. However, a functional lg protein 
product is not yet expressed on the cell surface. The most 
mature B cells are marked by the surface expression of 
specific lg gene products (Hardy et al., 1991). Ting 
process is believed to require stage-specific interactions of 
the cells with stromal elements and certain cytokines. 

Steel factor has been shown to be able to significantly 
enhance B cell growth in vitro. Steel factor plus 1L-7 was 
able to increase the number and size of B cell colonies 
induced from murine bone marrow cells in comparison 
to IL-7 alone (McNiece et al., 1991). The morphology 
of these colonies revealed that they were primarily pre-B 
cells as judged by the B220*, surface lg-negative 
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phenotype. Likewise, Rolink and coworkers (1991) 
demonstrated that the growth of murine pre-B cell 
clones on stromal cells plus IL-7 could be inhibited by 
the ACK2 monoclonal antibody. However, stimulation 
of mature B cells by mitogens was unaffected by ACK2. 
These results suggest that Steel factor plays a role in early 
B cell expansion, but not in late-stage antigen-dependent 
B cell stimulation. 

The role Steel factor plays in the maturation of the 
earliest pro-B cells remains unclear. In vitro studies have 
shown that Steel factor can synergize with IL-7 to induce 
the proliferation of pre-B cells in a stroma-independent 
liquid culture system (Bullips et al., 1992). However, pro- 
B cells require stroma contact for proliferation and 
maturation to the pre-B cells stage (Faust et al., 1993). 
Even though these pro-B cells express the receptors for 
both Steel factor and IL-7, they fail to grow in the 
presence of either factor alone or in combination. 
Furthermore, pro-B cells have been shown to proliferate 
and mature on stroma isolated from S/ mice. Thus, Steel 
factor can synergize with IL-7 to enhance the expansion 
of the pre-B cell compartment but appears to be 
dispensable for the growth and maturation of earlier pro- 
B cells. 

Recent studies have suggested a possible role for Steel 
factor in thymic T cell development, although no 
obvious T cell defects have been observed in S/ or W 
mutant mice. Both Steel factor and c-Azt transcripts can 
be detected in cells isolated from murine thymus. 
Stromal cells isolated from fetal and adult thymi express 
Steel factor mRNA, whereas thymic precursor cells 
express c-kit mRNA (Palacios and Nishikawa, 1992). 
These c-kit" precursor cells, isolated from day-I4 fetal 
livers, could fully reconstitute the T and B cell 
compartments of immunodeficient SCID mice. Likewise, 
de Vries and coworkers (1992) demonstrated that one c- 
kit’ hematopoietic stem cell purified from adult mouse 
bone marrow could reconstitute the thymus of a 
sublethally irradiated recipient upon intrathymic transfer. 
The expression of both Steel factor and c-k7t transcripts 
has also been reported in human thymic stromal cells and 
thymocytes (Wolf and Cohen, 1992). 

An analysis has been done to determine which 
thymocytes respond to Steel factor in vitro. Thymocyte 
precursor cells are believed to have a CD3// @D4'y/ 
CD8 and Thy-1'° phenotype (Wu et al., 1991). These 
cells commit to the T cell lineage and assume an 
immature triple-negative phenotype of CD3°/CD4°/ 
CDS. This triple-negative population has been shown to 
express high levels of c-kit, and Steel factor can synergize 
with IL-2, IL-3, or IL-7 to induce proliferation of these 
cells in suspension culture (Godfrey et al, 1992, 
Morrissey et al., 1994). Similar results have been 
reported with human triple-negative thymocytes 
(deCastro et al., 1994). Using fetal thymus lobe 
submersion cultures, it was shown that both Steel factor 
and IL-7 could stimulate thymocytes to proliferate with 


comparable magnitudes within the thymic environment. 
The combination of Steel factor and IL-7 resulted in a 
dramatic synergy to expand thymocyte numbers. 
Phenotypic analysis of the stimulated populations 
suggested that Steel factor, in comparison to IL-7, 
stimulated the expansion of a less mature thymocyte 
population. Furthermore, thymocytes grown in Steel 
factor have low IL-2 receptor expression levels, whereas 
reculturing of these cells in the presence of IL-7 
dramatically elevated the level of IL-2 receptor 
expression. These results are consistent with the 
hypothesis that Steel factor stimulates the growth of less 
mature thymocytes in comparison to IL-7. 

It is clear from a large body of experimental evidence 
that Steel factor can stimulate cells within every 
hematopoietic lineage described, in addition to dendritic 
cell lineages (Santiago-Schwartz et æl, 1995). This 
stimulation usually requires other cytokines for maximal 
effect and to guide the eventual developmental outcome. 
However, the Sl and W mutations severely affect only the 
erythroid and mast cell lineages, suggesting that 
redundant factors with similar biological activities must 
exist to compensate for the lack of Steel factor or c-kit 
proteins. It is tempting to speculate that the newly 
discovered flt3 ligand may provide some of those 
compensatory activities. The flt3 ligand and receptor 
share many similar biological and structural similarities to 
Steel factor and c-kzt. As more work is done to compare 
and contrast the actions of Steel factor with those of 
other hematopoietic factors, a better understanding of 
cytokine regulation of hematopoiesis should emerge. 


6. The c-kit Receptor 


A number of genes were identified during the 1980s that 
were capable of causing malignant transformation, that 
is, uncontrolled growth when they were transfected and 
expressed in certain cells. Collectively, these genes came 
to be known as oncogenes, and their encoded proteins 
were referred to as transforming proteins. One of these 
oncogenes was v-k7t, which was found within the 
Hardy—Zuckerman 4 strain of feline sarcoma virus 
(Besmer et al., 1986). Analysis of the v-kit gene showed 
that it encoded a truncated version of a normal cellular 
gene denoted as c-kit, which was later cloned from 
mouse (Qiu et al., 1988) and human (Yarden et al., 
1987) sources. The c-kit gene encoded a tyrosine kinase 
receptor for which no ligand had yet been discovered 
(Majumder et al., 1988). The c-kit receptor has also been 
designated as CD11I7. The c-kit protein has a similar 
structure to several other tyrosine kinase receptors, 
including c-fms, flt3 (Matthews et al., 1991; Rosnet et 
al., 1991, 1993; Small et al., 1994), and both of the 
receptors for PDGFA (designated as A and B) (Figure 
21.6). All of these receptors have five Ig-like domains in 
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Figure 21.6 Structural representation of the c-kit protein. The protein is represented schematically and the Ig-like 
domains are shown as loops. The protein is drawn to scale and the designations of functional domains are 
indicated. Numbers 1 to 5 indicate the respective Ig-like domains. The locations of all the cysteine residues of the 
extracellular domains are indicated by circled C. Tryptophan residues that belong to the consensus structure of the 
Ig homology unit are shown by circled W. SP = signal peptide; TK = tyrosine kinase. (From Blochman et al. (1993). J. 

Biol. Clem. 268, 4399-4406.) ; 


their extracellular regions, and a catalytic domain in their 


cytoplasmic portions that phosphorylates tyrosine 
residues in specific target proteins following activation of 
the receptor by ligand. 


The c-kit gene was mapped to human chromosome 
4qll-q12 (d’Auriol et æl., 1988). The genomic loci 
encoding the human (André et al., 1992; Giebel et al., 
1992; Vandenbark et al., 1992) and murine c-kit genes 
have each been cloned. The genomic loci have been 
evolutionarily conserved between species and share a very 
similar overall structure; each comprises 21 exons and 
spans a distance of over 70 kilobases. 

Analysis of independently derived cDNA clones 
revealed that there were two different isoforms of the c- 
kit-encoded protein (Reith et al., 1991). These c-kit 
receptor isoforms differ by four amino acids (glycine- 
asparagine-asparagine-lysine) that are either present or 
absent at a point just upstream of the transmembrane 
domain. The isoforms have been identified in both 
mouse and human c-kit proteins (Reith et al., 1991). 
The different isoforms arise as a result of alternative 
splicing of mRNAs and the use of a cryptic splice donor 
site located at the 3’ end of exon 9 of the c-kit gene 
(Hayashi et al., 1991). It is not clear whether biological 
differences occur as a result of ligand signaling via one c- 
kit isoform versus another, although data have been 
presented suggesting that ligand-independent constitu- 
tive phosphorylation occurs only in the isoform that is 
missing these four amino acids (Reith et al., 1991). 

Expression of the two different c-kit isoforms has been 
looked at in various leukemic lines. In one study, Crosier 
and coworkers (1993) examined isoform expression both 
in leukemic cell lines and in primary acute myeloid 
leukemias using an RNAase protection assay. Both 
isoforms appeared to be expressed in all of the cells 
examined, with the ratio of GNNK to GNNK’ isoforms 
being 10:1 to 15:1. A second study confirmed the 
expression of both isoforms in a series of acute myeloid 
leukemias, although a greater range of GNNK to 
GNNK’ isoform ratios was found, 1.3:1 to 12:1 (Piao et 
al., 1994), 


a 


In addition to the isoforms discussed above, other 
variants have been seen in the c-kit receptor. Alternative 
splicing of mRNAs has been shown to insert an extra 
serine residue in the cytoplasmic domain at position 715, 
and a survey of cell lines and acute myeloid leukemias has 
shown that both of these isoforms are normally expressed 
(Crosier et al., 1993). The significance of this serine 
isoform is unknown. A novel transcript that has the 
potential to encode a truncated receptor has been 
identified in mouse spermatids (Rossi et al., 1992). This 
partial receptor contains only a small region of the 
cytoplasmic domain, and its physiological significance, if 
any, is unknown. A soluble version of the c-kit receptor 
has been reported in human serum at high concentration 
(324 + 105ng/ml) (Wypych et al., 1995). Tiig 
mechanism by which this soluble receptor is generated, as 
well as its physiological importance, if any, are unknown. 

It has been shown that dimerization of the receptor is 
necessary for signal transduction (Philo et al., 1996) and 
that the fourth immunoglobulin domain of the receptor 
couples ligand binding to signal transduction (Blechman 
et e095). 

The exact defect in the c-kit receptor has now been 
identified at the molecular level for a number of alleles of 
the Wlocus (Bernstein et al., 1991; Herbst et al., 1992: 
Nocka et al., 1990; Reith et al., 1990; Tan et al., 1990). 
Most of the alleles arise as a result of point mutations that 
are found in the cytoplasmic domain of the receptor; 
these changes result in a decrease in the tyrosine 
phosphorylating activity of the protein. However, in 
several cases the mutations appear to be of a regulatory 
instead of a structural nature, and result in the reduced 
expression of the c-kit receptor. 


/. sgnal Transduction through the c-kit 
Receptor 


The capacity of Steel factor to activate the c-kit receptor 
has been examined by several groups. Steel factor 
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stimulated the autophosphorylation of c-kit on tyrosine 
residues on mast cells, and c-kit was the major 
phosphorylated protein detected in these cells (Rottapel 
et al., 1991). ln contrast to the results described above 
for the wild type c-zt protein, Steel factor did not 
stimulate the phosphorylation of c-kit in mast cells from 
mice homozygous for the W® allele of c-kit; this 
mutation has been shown to eliminate the 7” vitro kinase 
activity of c-kit (Reith et al., 1990). 

Induction of receptor dimerization and tyrosine 
autophosphorylation of the c-kzt receptor by Steel factor 
was examined to determine how this affects the binding 
of signal transduction proteins to the receptor ( Blume- 
een er a), 1995, Rottapel er al, 1991). The 
phosphorylated c-kzt protein was found to be associated 
with the signaling proteins phosphatidylinositol 3’-kinase 
(P13K), phospholipase C-yl (PLCyl) (Shearman et al., 
1993), MAP kinases (Lev et al, 1991; Welham and 
Schrader, 1992), and JAK2 (Linnekin et al., 1996; Weiler 
et al., 1996). However, there was no detectable binding 
or phosphorylation of Ras GTPase-activating protein 
(GAP) to c-kzt either before or after Steel factor 
treatment (Duronio et al., 1992). Phosphorylation of c- 
kit apparently acts as a trigger for the formation of a 
complex with P13K and PLCyl. However, this results in 
activation of protein kinase C (PKC) and phos- 
phorylation of the receptor on Ser-741 and Ser-746 
(Blume-Jensen et al., 1995). PKC therefore acts in a 
negative feedback loop by inhibiting Steel factor-induced 
receptor kinase activity and modulates responses to Steel 
factor. The mutant c-zt protein expressed in mast cells 
isolated from homozygous W*/W* mice (see above) 
also did not associate with PI3K, even after Steel factor 
treatment. Stimulation of the c-kzt receptor results in the 
phosphorylation of a range of substrates, of which a 
200 kDa substrate associates rapidly with c-kzt, although 
its exact role in signal transduction remains unclear 
Menmmekin etal, 1995). 


8. Steel Factor from Other Species 


The Steel (SA locus was originally described as a novel 
spotting mutation in mice (Sarvella and Russell, 1956). 
As described in the Introduction, the chromosomai 
location of the S/locus on mouse chromosome 10 was an 
integral part of the biological story that led to the cloning 
of the gene encoded at that locus. Initial localization of 
the gene encoding the Steel factor protein showed that it 
was indeed encoded on mouse chromosome 10 and was 
deleted in some, but not all, S/ alleles (Copeland et al., 
1990; Huang et al., 1990; Zsebo et al., 1990a). Formal 
proof that the SZ locus actually encoded the Steel factor 
protein was obtained when the Steel—Dickie allele of S/ 
was molecularly cloned (Brannan et al., 1991; Flanagan 
and Leder, 1990). The Steel factor gene has now been 
cloned from mouse (Anderson et al., 1990; Huang et al., 


1990; Zsebo et al., 1990a), rat (Martin et al., 1990), 
chicken (Zhou et al., 1993), and dog (Shull ez a/., 1992). 

The mouse gene contains at least eight exons that 
contain the entire coding region of the protein. Those 
intron:exon boundaries that have been identified are seen 
to occur at identical positions within the rat, human, and 
murine genes. In the case of the mouse protein, a ninth 
exon has been shown to be present and to encode the 
end of the cytoplasmic tail (Brannan et al., 1992). 

Mutations at the murine Steel locus (reviewed in 
Copeland et al., 1990) have occurred spontaneously or 
have been induced by chemical mutagenesis, x-ray 
irradiation, or transgene insertion (Keller et al., 1990). 
Deletion of most or all of the Steel factor gene has been 
found to be associated with the alleles Steel-J, Steel 
Grizzle Belly, Steel 8”, Steel 10%, and Steel 18” 
(Copeland et al., 1990). A molecular analysis of some 
alleles of the S/ locus has been done in an effort to 
determine how each particular allele reflects changes in 
the Steel factor protein or in its expression. In contrast to 
the results presented above, the S/ gene is not deleted in 
the alleles Steel Dickie (S/*), Steel Panda, and Steel” 
(Copeland et al., 1990). 

The formal possibility remained following the initial 
cloning of the S/ gene that what we have referred to in 
this review as the Steel factor protein was actually 
encoded at a locus adjacent to the actual Steel locus. 
Formal proof that the Steel locus really did encode the 
Steel protein was obtained by analysis of the most- 
studied of the SZ alleles, S/°. The defect in the case of S/* 
turned out to be a 4 kb intragenic deletion that removes 
the transmembrane region as well as the entire 
cytoplasmic tail of the protein (Brannan et al., 1991; 
Flanagan et al., 1991). The resulting protein is not 
membrane-bound like the wild-type protein, but it is 
biologically active. This finding suggested that the 
membrane-bound form of the ligand was absolutely 
required for normal biological function zm vivo. The 
molecular defect responsible for the S/F mutation has 
also been identified (Brannan et al., 1992). The 
unadulterated murine protein contains 273 amino acids; 
the first 25 of these amino acids constitute a signal 
peptide that is removed in the mature protein. 

Rat Steel factor protein contains four potential sites for 
the attachment of N-linked sugars, at asparagine residues 
65 2 el ae (ieee a, 1991). Steel factor 
purified from medium conditioned by buffalo rat liver 
cells was found to be N-glycosylated in a somewhat 
heterogeneous fashion. Asparagine 120 appears to be 
used in all of the molecules, asparagine 65 and asparagine 
109 in some of the molecules, and asparagine 72 in none 
of the molecules. Sequencing of the purified rat Steel 
protein revealed that the serine residue at position 142 
and threonine residues at positions 143 and 155 were 
blocked (Zsebo et al., 1990a). Because the protein 
appears to contain O-linked sugars, it is likely that they 
are attached through one or more of these sites. 
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It has been reported by two groups working 
independently (Chabot et al., 1988; Geissler et al., 1988) 
that the gene encoding the murine c-kit tyrosine kinase 
receptor mapped to mouse chromosome 5 and was 
encoded at the W locus. 


9. Clinical Implications 
9.1 STEEL FACTOR AND CANCER 


The expression of Steel factor and/or its receptor has 
been shown to result in the autocrine growth of a wide 
number of different tumor types, including 
neuroblastoma (Beck et al., 1995a,b), glioma (Stanulla et 
al., 1995), testicular tumors (Strohmeyer et al., 1995), 
hemangioma (Meininger et al., 1995), small cell lung 
tumors ( Krystal et al., 1996; Papadimitriou et al., 1995), 
and melanocytic tumors (Papadimitriou et al., 1995: 
Takahashi et al., 1995). In fact, not only has Steel factor 
been shown to increase survival of malignant 
hematopoietic cells, but it also protects leukemic cells 
from chemotherapy and tumor cells from radiotherapy 
(Hassan and Zander, 1996; Hassan and Freund, 1995; 
Shui et a/., 1995). 


9.2 STEEL FACTOR AND MAST 
CELLS /ALLERGY 


Steel factor has been shown to cause a respiratory distress 
syndrome in mice following intravenous administration 
(Lynch et al, 1992). This syndrome results from 
degranulation of mast cells in the lungs and is 
characterized by breathing difficulties. The effects of the 
Steel factor on mast cell degranulation have also been 
implicated in some of the deleterious effects seen with 
this protein in phase I clinical trials (Costa et al., 1993; 
Demetri et al., 1993). Injection of recombinant Steel 
factor results in wheal and flare mast cell reactions at the 
site of injection, increased dermal mast cell density at 
distances from the site, and increased levels of urinary 
histamine metabolites (Costa et al., 1996). Steel factor 
has also been shown to be involved with the recruitment 
and activation of mast cells/eosinophils in allergic airway 
inflammation and inflammatory bowel disease (Bischoff 
et al., 1996; Louis et al., 1995; Lukacs et al., 1996a,b). 


9.3 CLINICAL APPLICATIONS OF STEEL 
FACTOR 


In preclinical trials Steel factor can protect against lethal 
radiation (Fleming et al, 1993), elicit mutilineage 
hematopoietic responses and increases in marrow 
cellularity (Bodine et al., 1993, 1996; Hassan et al., 
1996; Holyoake et al., 1996; Molineux et al., 1991), and 


increase the number of circulating peripheral blood stem 


cells (Molineux et al., 1991; Andrews et al., 1992a, 
1995). Steel factor appears to function in synergy with G- 
CSF in mobilizing peripheral blood progenitor cells and 
may prove to have clinical potential in this manner 
(Andrews et al., 1995; Briddell et al., 1993; Glaspy et al., 
1996). 

The discovery of the Steel factor provided the last 
piece of the puzzle to a mystery that had existed since the 
early part of the century. It is now clear that the Steel 
locus encodes a protein with extraordinary pleiotrophic 
effects on the growth of not just hematopoietic cells, but 
also germ cells and melanocytes. How the factor 
functions in each of these settings is still a subject of great 
research interest. It is not yet apparent whether the Steel 
protein will be a clinically useful molecule, and this 
reflects the balance of the positive effects of the protein 
on hematopoietic progenitor cells and the apparent 
negative effects (in a clinical setting) on mast cells. 
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l. Introduction 


A number of ligands for tyrosine kinase receptors play a 
role in regulating the proliferation and differentiation of 
cells in the hematopoietic system. These include flt3 
ligand, CSF-1 (MCSF, c-fms), and Steel factor (mast cell 
growth factor, stem cell factor, c-kit ligand), which 
interact with their respective tyrosine kinase receptors 
flt3(/flk2) (FMS-like tyrosine kinase 3/fetal liver kinase 
2), c-fms, and c-kit. The human and murine ligands for 
flt3 were cloned independently by two groups (Lyman et 
al., 1993, 1994; Hannum et al., 1994). The cDNA for 
the flt3 ligand encodes a type I transmembrane protein 
that undergoes proteolytic cleavage to generate a soluble 
factor. Both the membrane-bound form and the soluble 
protein are biologically active. The flt3 ligand also has 
structural similarity to the ligands for c-kztand c-fms. The 
human and murine flt3 ligands are 72% identical at the 
amino acid level, and both stimulate the proliferation of 
human and murine cells expressing flt3 receptors. Cells 
expressing flt3 ligand are of myeloid, B cell, and T cell 
lineages at various stages of differentiation. This mitogen 
stimulates proliferation of hematopoietic precursor cells 
(CD34"*), and seems to function, together with its 
receptor, as a growth factor receptor—ligand system on 
hematopoietic stem and/or progenitor cells. 
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2. The Cytokine Gene 


Lyman and colleagues (1993) constructed a fusion 
protein consisting of the extracellular domain of the 
murine flt3 receptor followed by the Fe portion of 
human IgG. By use of this soluble receptor molecule in 
binding studies, they identified a murine cell line, P7B- 
0.3A.4, which expresses the cell surface-bound form of 
the flt3 ligand. cDNA clones were then isolated from an 
expression library of these cells and further analyzed. The 
human analog was identified by screening a human T cell 
library with the murine flt3 ligand cDNA (Lyman et al., 
1994). Simultaneously Hannum and colleagues (1994) 
purified the murine flt3 ligand, produced by mouse 
thymic stromal cells, to homogeneity and partially 
sequenced this soluble form of the flt3 ligand protein. 
Complementary DNAs were isolated and hybridized to a 
human cDNA library from a thymic stromal cell line. The 
various mouse and human cDNAs found by Hannum 
and colleagues define a family of flt3 ligand molecules 
sharing a common Amino-terminus of 135 amino acids 
(including the signal peptide). The main difference 
between these mouse and human flt3 ligand cDNAs 1s 
caused by divergent carboxy-termini. This is analogous 
to the variable chain-length region of Steel factor and 
CSF-1, which may link the receptor binding domains of 
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these cytokines to the membrane. Analysis of several 
clones discovered by Lyman and colleagues (1995a; 
Genbank acc.no.:U29874) show an open reading frame 
of 705 bp flanked by 79 bp of 5’ noncoding sequence 
and 321 bp of 3*noncoding sequence (Figure 22.1). The 
open reading frame encodes a type l transmembrane 
protein of 235 amino acids. The search for the murine 
flt3 ligand revealed two individual clones differing from 
nucleotide 521 onward, generating different splice forms 
of the flt3 ligand. One clone appeared to represent the 
authentic flt3 ligand sequence, as it shared homology 
throughout its length with human flt3 ligand sequence, 
and was therefore chosen for further studies. This murine 
flt3 ligand cDNA consists of 829 bp, where the open 
reading frame of 696 bp is flanked by 31 bp of 5’ 
noncoding region and 102 bp of 3’ noncoding region 
(Lyman et al., 1993). Genetic mapping studies localized 
the gene encoding the flt3 ligand to the maximal portion 
of mouse chromosome 7 and to human chromosome 
19g13.3 (Lyman et al., 1995a). 


2.1 flt3 LIGAND SPLICE VARIANTS 


Alternative splicing is one method to regulate the 
generation of soluble versus membrane-bound protein 
forms. PCR techniques have revealed additional flt3 
ligand isoforms. One splice variant contains an extra 
exon introducing a stop codon in the extracellular 
domain, which should give rise to a soluble flt3 ligand 
protein. This introduction of a sixth exon is similar to 
the splicing mechanism used by the Steel factor, with 


the difference that exon 6 of the Steel factor cDNA 
generates a primary proteolytic cleavage site, leading to 
the generation of the soluble protein. In the murine 
system there exists an extra flt3 ligand isoform. It 
encodes a protein with a longer transmembrane domain 
containing one additional intron (intron 5H), generated 
by a failure of splicing, resulting in a nonsoluble form of 
the protein which is still biologically active (Lyman et 
al., 1995a). 1n the case of flt3 ligand the mechanisms of 
regulation of alternative mRNA splicing, resulting in the 
production of membrane bound or soluble forms, are as 
yet unknown. 


3. The Protein 


Analysis of the amino acid sequence (Figure 22.2) 
indicates that the human flt3 ligand protein has an N- 
terminal signal peptide of 26 amino acids (aa), followed 
by a 156-aa extracellular domain, a 23-aa transmembrane 
domain and a 30-aa cytoplasmic domain. There are two 
potential N-glycosylation sites in the extracellular 
domain (aa 100, aa 123). The murine analog consists of 
231 aa, where the first 27 aa represent the N-terminal 
signal peptide, followed by a 16l-aa_ extracellular 
domain, a 22-aa transmembrane domain and a 2]-aa 
cytoplasmic domain. The predicted molecular mass of 
the murine protein is 23.16 kDa with an estimated pI of 
8.17. Natural flt3 ligand protein purified from a stromal 
cell line, is shown to be a 65 kDa nondisulfide-linked 
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homodimeric glycoprotein comprised of 30kDa 
gUCceccttcea agacccagqcg 
TGACAGTGCT GGCGCCAGCC Exon 
112 
TCGGGACTCA GTGGGACCCA 
CTCCGACTTC GCTGTCAAAA Exon 
1241 
ACCGTGGCCT CCAACCTGCA Exon 
1639 
CTGGTCCTGG CACAGCGCTG 
CAAGATGCAA GGCTTGCTGG Exon 
CCAAATGTGC CTTTCAG 2007 
ACCAACATCT CccGccTccr 
GAAGCCCTGG ATCACTCGCC Exon 
GTCAGCCCG 4443 
ATGGTCTCGA TCTCCTGACC Exon 
TGCTAGGATT ACAGAT 5180 
CCCGGCCCCT GGAGGCCACA 
CTCCTACTGC TGCTGCCCGT Exon 
CCTGCACTGG CAGAGGACGC 
Sol 
CTGCTTGTGG AGCACTGAcc Exon 
6015 


Figure 22.1 Nucleotide sequence of the human fit3 ligand gene. Nucleotide numbering corresponds to the 
Sequence published by Lyman et al. (1995a). The start and stop codons are indicated by bold letters, untranslated 
regions by lower-case letters. 
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Figure 22.2 Amino acid sequence of the human fit3 ligand. Potential N-glycosylation sites are indicated and 
cysteine residues are full circled. 


subunits, each containing 12 kDa of N- and O-linked 
sugars. (McClanahan et al, 1996). The human flt3 
ligand is 72% identical to the murine analog at the amino 
acid level, and conserves many of the features of the 
murine protein, including the number of glycosylation 
Sites (human aa 100; aa 123; murine aa 127, aa 152), key 
cysteine residues (human aa 4, aa 44, aa 85, aa 132; 
mime aa 3l, aa 71, aa 112, aa 156), and «splice 
junctions. The main differences between the human and 
mouse molecules occurs at the C-terminus. The flt3 
ligand is similar to Steel factor and CSF-1 regarding size 
of the extracellular and cytoplasmic domain, and the four 
conserved cysteine residues. The overall structure of 
these proteins appears to be similar and suggests that flt3 
ligand is also a four-helix-bundle protein (Lyman et al., 
1793). 

A carboxy-terminal valine residue appears to be a 
critical determinant for extracellular cleavage of 
membrane-bound cytokines into a soluble biologically 
active growth factor, as has been reported for TGF-g, 
Steel factor, and CSF-1 (Bosenberg et al, 1992; 
Anderson et al, 1990; Stanley et æl., 1983). The 
murine and human flt3 ligands have different amino 
acids at their C-termini but neither of these residues is 
a valine. Although the flt3 ligand appears to have a 
similar overall structure to Steel factor and CSF-1 
(Lyman et al, 1993), and also generates a soluble 
form, it seems that flt3 ligand uses either a histidine 
residue (human flt3 ligand) or a proline residue (mouse 
flt3 ligand) for proteolytic cleavage, or presumably 
generates its soluble form by alternative splicing 
(Lyman et al., 1995a). 


4, Cellular Sources 


A comprehensive study of mRNA expression by 110 
leukemia-lymphoma cell lines revealed widespread 
distribution of flt3 ligand, whereas flt3 receptor mRNA 
expression was basically limited to immature B cell lines 
and monocytic cell lines (Meierhoff et al., 1995). This 
expression pattern of the flt3 ligand versus its receptor 
suggests that restrictive expression of the receptor may be 
the dominant factor in regulating ligand-receptor 
interactions. Although most cell lines express some 
amount of flt3 ligand mRNA, only very little flt3 ligand 
protein is actually made, with T cells and stromal cells 
being the major producers (McClanahan et al., 1996). 

Northern blot analysis of flt3 ligand RNA showed that 
virtually all hematopoietic cell lines assayed were positive. 
However, not all of the tested cell lines had detectable 
ligand expressed on the cell surface, nor was any ligand 
detectable in medium conditioned by these cells 
(myeloid cell line HL-60, monocytic cell line THP1, and 
pre B-ALL cell lines EU-1, LAZ-221, and 697) (Brasel et 
al., 1995). These findings could be explained by 
incomplete translation of the mRNA, lack of cell surface 
expression of flt3 ligand protein, or possibly 
sequestration of newly produced ligand by receptors in 
the cytosol. 


5. Biological Activities 


The hematopoietic activities of flt3 ligand have been 
assessed in murine and human systems. The murine and 
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human flt3 ligands can each stimulate the proliferation of 
either murine or human cells at similar concentrations, 
showing no apparent species-specific restriction in 
activity. Flt3 ligand shows relatively few effects by itself on 
the proliferation and differentiation of hematopoietic 
cells, but exhibits a potent costimulatory activity in 
enhancing the proliferation of progenitor cells of multiple 
lineages. In the murine system, flt3 ligand induced 
[H]thymidine incorporation by AA4.1*Scal*Lin fetal 
liver cells, a population which contains totipotent stem 
cells and myeloid-erythroid progenitors (Lyman et al., 
1993). Furthermore, the response of AA4.1* cells was 
increased synergistically by combining flt3 ligand with 
Steel factor. Similar results were obtained with c-kit stem 
cells. But it has also been demonstrated that flt3 ligand 
alone is incapable of supporting colony formation by 
Thy’Scal* stem cells (Hannum et al., 1994). The failure 
of flt3 ligand to induce clonal growth of these primitive 
cells is not surprising, owing to their requirement for 
signaling by multiple factors (Heimfeld et al., 1991). It is 
also reported that flt3 ligand by itself can stimulate the 
proliferation of human CD34" progenitor cells (Lyman et 
al., 1993, 1994; Hannum et al., 1994), which is in 
contrast to the murine system where it has been shown 
that flt3 ligand does not support colony formation in 
accessory cell-depleted cultures (Hudak et al., 1995). 
The combination of flt3 ligand with IL-6, IL-1], or 
G-CSF supports the proliferation of primitive hema- 
topoietic progenitor cells, including lymphohemato- 
poietic progenitors that are capable of differentiation 
along both myeloid and B-lymphoid lineages (Hirayama 
et al., 1995; Yonemura et al., 1997; Molineux et al., 
1997). In this regard, flt3 ligand is similar to Steel factor, 
although the number and size of the colonies supported 
by flt3 ligand-containing factor combinations are smaller 
than those supported by combinations containing Steel 
factor. If bone marrow microvascular endothelial cells 
were used as support stroma cultures, flt3 ligand in 
combination with IL-3, IL-6, and G-CSF generated a 
greater number of progenitors than the Steel factor- 
containing cultures (Shapiro et al., 1996). For the 
expansion of human bone marrow-derived mononuclear 
cells flt3 ligand is a more potent growth factor than Steel 
factor in the presence of IL-3, GM-CSF and 
erythropoietin (Koller el al., 1996). Another difference 
between these two related hematopoietic growth factors 
is their function on pre-B cells and on mast cells. The flt3 
ligand by itself maintains the proliferation of B-cell 
progenitors and their maturation to B220* cells, while 
Steel factor alone does not. The opposite takes place 
concerning stimulation of mast cells; where Steel factor is 
able to stimulate but flt3 ligand is not. The flt3 ligand has 
been shown to synergize with Steel factor in supporting 
the proliferation of B cell progenitors (Hirayama et al., 
1995) In a more detailed study it has been demonstrated 
that flt3 ligand failed to affect CD43lowB220* pre-B cells 
or CD43°B220° pro-B cells whether used alone or in 


combination with stem cell factor (SCF) or IL-7. In 
striking contrast, flt3 ligand was a potent cofactor for the 
CD43°B220low progenitor cells, interacting with either 
IL-7 and/or SCF to stimulate their growth. When this 
subset was further divided on the basis of expression of 
heat-stable antigen (CD24), the flt3 ligand responsive 
cells were contained only within the CD24 subset. Since 
the CD24 subset was the most immature of the B cell 
populations studied, these data suggest that flt3 ligand 
costimulates the expansion of very primitive B cell 
progenitors (Hunte et al., 1996). The comparison of 
both growth factors on hematopoietic progenitors were 
also shown in clonal colony assays. Both factors synergize 
with IL3-granulocyte-macrophage colony-stimulating 
factor fusion protein (Pixy321) to induce granulocytic- 
monocytic (GM) and high proliferative potential (HPP) 
colonies, and synergized with Pixy321+erythropoietin to 
induce multipotent granulocytic~erythroid—monocytic— 
megakaryocytic colonies. Ex vivo expansion studies with 
isolated CD34" bone marrow stem cells from normal 
donors showed that flt3 ligand alone supported 
maintenance of both GM and HPP progenitors for 3 to 
4 weeks im vitro (McKenna et al., 1995). 

The manner in which flt3 ligand acts has been 
elucidated by Ohishi and colleagues (1996). This 
cytokine enhances the rate of growth of IL3-dependent 
colonies by shortening the time for each progenitor in 
the colonies to divide. Cell cycle analysis demonstrated 
that shortening of the cell cycle time induced by flt3 
ligand is mainly due to alteration in the G, phase that 
hematopoietic progenitors go through. 


6. The Receptor 


The human flt3/flk2 cDNA encodes a receptor-type III 
tyrosine kinase of 993 amino acids (Rosnet et al., 1993b) 
with strong similarity to the corresponding mouse 
flt3/flk2 protein and to the subclass II receptor tyrosine 
kinases (RTK) PDGE-R (platelet derived growth factor 
receptor), c-kit, and c-fms (Birg et al., 1994). The flt3 
gene is closely linked to the fit] gene, encoding the 
receptor for vascular endothelial growth factor; both 
genes are located in the mouse on chromosome 5, and in 
humans on chromosomal band 13q12 (Rosnet et al., 
1998a). 

There are conflicting reports concerning flt3 receptor 
expression. Brasel and colleagues (1995) reported that 
flt3 receptor expression is restricted to human B cell and 
myelomonocytic cell lines, although not all cell lines of 
these two lineages are flt3 receptor positive. These 
findings are in contrast to those of Da Silva and 
colleagues (1994), who detected receptor expression 
only by B lymphoid cell lines. Another difference 
concerns the human pre-B cell line 1E8. The full-length 
flt3 receptor cDNA was originally cloned from these cells 
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(Rosnet et al., 1993b). However, Brasel and colleagues 
could detect neither cell surface expression nor specific 
flt3 receptor RNA expression by this cell line, and Da 
Silva and colleagues found only a smaller form (2 kb) of 
the mRNA encoding the receptor. Extended hybrid- 
ization studies on flt3 receptor expression, using a larger 
probe (2.8kb), covering extracellular regions, trans- 
membrane domain, and intracellular tyrosine kinase 
domains, confirmed the findings of Brasel and colleagues 
that, in addition to the pre-B cell lines, myelomonocytic 
cell lines were flt3 receptor positive (Meierhoff et al., 
1995). These discrepancies are possibly due to the use of 
different cell lines, methods, or probes for hybridization. 
One explanation might be differential splicing within the 
extracellular domain of the flt3 receptor. Differential 
splicing of extracellular domains may confer promiscuous 
ligand interaction, resulting in different ligand 
specificities, as has been reported for other RTK genes. 


/, Cytokine in Disease and Therapy 


Blood serum levels of flt3 ligand are very low in normal 
individuals: only 12% of normal individuals had flt3 
ligand serum levels above 100 pg/ml. In contrast, 86% of 
samples from patients with Fanconi anemia and 100% of 
samples from patients with acquired aplastic anemia had 
plasma or serum levels above 100 pg/ml. Concentrations 
of flt3 ligand are therefore specifically elevated to a level 
that may be physiologically relevant in hematopoietic 
disorders (Lyman et al, 1995a). 

Studies published by Scopes and colleagues (1995), 
who investigated the effect of the human flt3 ligand on 
the committed progenitor colony formation of normal 
bone marrow and bone marrow from aplastic anemia 
(AA) and three Diamond-Blackfan anemia (DBA) 
patients, revealed that flt3 ligand has no effect on AA and 
DBA bone marrows, and on the production of erythroid 
progenitor colonies. 

In contrast to restricted flt3 receptor expression in 
CD34* stem cells, it has been demonstrated that flt3 
RNA is overexpressed in 100% of B-lineage acute 
leukemias (ALL), in 11 of 12 cases of acute myeloid 
leukemias (AML), and 3 of 11 T cell acute leukemias (T- 
ALL). Stimulation of these patient samples with flt3 
ligand resulted in autophosphorylation of the flt3 
receptor, suggesting the receptor is functional in these 
cells. These data suggest that overexpression of flt3 
receptor may be involved in the maintenance/ 
proliferation of malignant clones in cases of acute 
leukemia (Carow et al., 1996). 

Nevertheless, the combination of flt3 ligand, Steel 
factor, GM-CSF, and TNF-a enhanced the ex vivo 
generation of functional dendritic cells from mobilized 
CD34* blood progenitors for anticancer therapy up to 5- 
fold. In practice, the stimulation of CD34" cells in a 


blood cell autograft provided by the four above- 
mentioned growth factors should permit ex vivo 
generation of approximately 4 x 10"° dendritic cells in an 
adult patient. These new findings provide advantageous 
tools for the large-scale generation of dendritic cells that 
are potentially usable for clinical protocols of 
immunotherapy or vaccination in patients undergoing 
cancer treatment (Siena et a/., 1995). 
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l. Introduction 


The successful cloning of thrombopoietin (TPO) began 
with the identification of the murine retrovirus 
myeloproliferative leukemia virus. In 1986, Wendling 
and colleagues described a transforming viral complex 
that induced a myeloproliferative syndrome in mice 
(Wendling et al, 1986). The responsible virus was 
ultimately cloned and the transforming gene, v-mpl, was 
identified in 1990 (Souyri et al., 1990) and the human 
cellular homolog, c-mpl, in 1992 (Vigon et al., 1992). c- 
mpl encodes a cell surface protein belonging to the 
highly conserved cytokine receptor family, and is 
specifically involved in the regulation of megakaryo- 
cytopoiesis. The involvement of c-mp/ in thrombopoiesis 
was recently confirmed when “knockout” mice lacking a 
functional c-mpl gene were generated. These mice were 
found to have dramatically reduced numbers of 
circulating platelets and bone marrow megakaryocytes 
(Gurney et al., 1994). Thereupon scientists searched for 
the c-mpl ligand, using various strategies. Four articles 
published in Nature (de Sauvage et al, 1994; 
Kaushansky et al., 1994; Lok et al., 1994; Wendling et 
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al., 1994) and one article in Cell (Bartley et al., 1994) 
announced the long-awaited confirmation that 
thrombopoietin, the proposed lineage-specific cytokine 
responsible for regulation of platelets, actually exists. 
Thrombopoietin stimulates the proliferation and 
differentiation of megakaryocytic progenitor cells, is 
essential for the full maturation of megakaryocytes, and 
acts to enhance platelet production and to speed recovery 
after cytoreductive therapies. Platelets are the component 
of blood that initiates clotting reactions and are 
generated from pluripotent hematopoietic stem cells in a 
multistep process called thrombopoiesis. Platelets are 
released from progenitor cells called megakaryocytes 
which, during maturation, form characteristically large 
cells with highly polyploid nuclei. Erythrocytes pass 
through a parallel multistep process (erythropoiesis), and 
they are also generated from a pluripotent progenitor 
cell, which in turn is derived from a bone marrow stem 
cell. Thus, it is not surprising that thrombopoietin has a 
high degree of homology with erythropoietin (EPO), the 
main differentiation factor for erythrocytes. Synonymous 
terms are megakaryocyte growth and development factor 
(MGDF) and mpl ligand (ML). 


Copyright © 1998 Academic Press Limited 
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2. The Cytokine Gene 


Three different strategies were used to obtain cDNA 
clones for TPO. De Sauvage and colleagues (1994) used 
affinity chromatography based on immobilized 
recombinant c-mpl receptor to purify TPO from the 
plasma of irradiated pigs, obtained the N-terminal 
amino acid sequence, and cloned the corresponding 
cDNA. An almost identical strategy was used by Bartley 
and colleagues (1994), except that canine TPO was first 
purified and cloned. Another approach was taken by 
Lok and colleagues (1994) and Kaushansky and 
colleagues (1994). They mutagenized growth- 
dependent murine hematopoietic cell lines expressing 
the murine c-mpl gene, and then selected for 
autonomously growing clones. One of the clones 
selected in this way turned out to produce 
thrombopoietin as an autocrine factor that sustained 
their growth im vitro. Finally, Kato and colleagues 
(1994) and Kuter and colleagues (1994) used 
conventional protein fractionation methods to purify a 
plasma protein from thrombocytopenic rats or sheep, 


differentiation. The TPO gene spans approximately 6.2 
kb and is organized in six coding exons (Figure 23.1), 
with intron/exon boundaries that precisely correspond 
to the intron/exon boundaries of human and murine 
erythropoietin (Foster et al., 1994 (Genbank accession 
number L36051 (gene) and L36052 (cDNA)); Bartley 
et al., 1994 (Genbank accession number U11025); 
Ogaħmi et al, 1995e(rat cDNA, EMBL accession 
number D3220)). The human TPO cDNA clone 
consists of 1774 nucleotides followed by a poly(A)’ tail. 
It contains an open reading frame of 1059 nucleotides, 
which predicts a primary translation product of 353 
amino acids (De Sauvage*et al., 1994). 

The human gene is localized ‘to chromosome 3q26-28 
(Eaton et al., 1994; Foster et al., 1994; Sohma et al., 
1994; Gurney et al., 1995a; Suzukawa et al., 1995), a 
region of the long arm of chromosome 3 previously 
associated with elevated platelet counts and increased 
bone marrow megakaryocytes in patients with acute 
nonlymphocytic leukemia (Rowley and Potter, 1976; 
Pintado et al., 1985; Jenkins et al., 1989). The gene of 
the murine TPO is located on mouse chromosome 16 
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Nucleotide sequence of the human TPO gene. Coding exon regions are indicated by upper-case letters, 


flanking sequences by lower-case letters. Nucleotide numbering is according to the sequence published by Foster et 
al. (1994). The start codon and the stop codon are highlighted by bold letters. The consensus polyadenylation signal 
is underlined. 


2.1 ALTERNATIVE SPLICING OF TPO 


Two alternative splice forms of TPO have been 
identified. They differ by the presence (TPO) or absence 
(TPO-2) of a four-amino-acid insertion at positions 112 
to 115. The four amino acids are encoded at the 5’ 
junction of exon 6 in the human gene. The TPO-2 
mRNA encodes a protein which is poorly secreted. This 
four-amino-acid deletion within TPO-2 would be 
predicted to alter the loop between a-helices C and D in 
the proposed structure of TPO. A similar deletion has 
been introduced into EPO, resulting in an inhibition of 
secretion of this protein. These results suggest that the 
level of TPO expression could potentially be modulated 
by altering the proportion of TPO mRNA that is spliced 
to encode each of the forms (Gurney et al., 1995a). 


2.2 REGULATION OF TPO GENE 
‘TRANSCRIPTION 


The mechanism by which the production of TPO is 
upregulated when there is a need for more platelets 
remains to be elucidated. Two models of TPO gene 
regulation have been proposed. The first one suggests that 
TPO serum levels are maintained solely by platelet uptake 
and metabolism of TPO. The second hypothesis proposes 
that platelet levels are recognized, resulting in increased or 
decreased levels of TPO gene expression. Studies by 
McCarty and colleagues (1995) support the second 
model by demonstrating that TPO-specific mRNA levels 
in the spleen and marrow derived from thrombocytopenic 
mice are inversely related to platelet counts. Stoffel and 
colleagues (1996) support the first model, demonstrating 
that TPO activity during thrombocytopenia is not caused 
by regulation at the level of TPO mRNA, but by a 
regulation at the post-transcriptional level and/or 
through absorption and metabolism by platelets. This 
model is also established by Fielder and colleagues (1996). 
They used c-mpl'/ mice to analyze the mechanisms 
leading to the increased concentration of circulating TPO 
in response to low platelet counts. In contrast to platelets 
from the c-mpl"/ mice, platelets from normal mice are 
capable of binding, internalizing, and degrading TPO. 
The absence of receptors in the c-mpl'/ mice leads to a 
slower rate of clearance from the plasma and a longer 
initial half-life of TPO. 

Another interesting model of transcriptional TPO 
gene regulation is presented by Shivdasani and colleagues 
(1995). They generated mice lacking the hematopoietic 
subunit (p45) of the heterodimeric erythroid 
transcription factor NF-E2. This results in a complete, 
and apparently late block in megakaryocyte maturation, 
such that circulating platelets are undetectable zm” vivo. 
Though platelets are absent in these NF-E2 deficient 
mice, serum levels of TPO are not elevated. Thus, as an 
essential factor for megakaryocyte maturation and 
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platelet production, NF-E2 must regulate critical target 
genes independently of the action of thrombopoietin. 
One explanation for the inconsistency observed in this 
study of the above-mentioned “platelet count/TPO 
production” relationship can be found in the pleiotropic 
effects of TPO. This cytokine appears to exert substantial 
physiological effects on many aspects of megakaryocyte 
maturation, including cell size, DNA ploidy, and platelet 
production. These multiple effects are likely to be 
mediated by genes that are activated following a 
thrombopoietin-mediated signaling cascade. It seems 
possible that a subset of genes responsive to this pathway 
are also regulated through NF-E2, particularly late in 
megakaryocyte development. 


3. The Protein 


The human TPO cDNA encodes a polypeptide identical 
to that predicted from the human genomic sequence and 
with a similar overall size, two-domain structure, and 
significant sequence conservation with the murine TPO 
(Figure 23.2). The predicted human TPO protein is a 
polypeptide of 353 amino acids (aa) (rat TPO 305 aa; 
murine TPO 335 aa), including a 21-aa_ highly 
hydrophobic signal peptide, a 152-aa domain with 
homology to EPO (23% identity), and a dibasic Arg-Arg, 
representing a potential protease cleavage site (aa 
153-154). This protease recognition site is followed by a 
177-aa carbohydrate-rich domain (Figure 23.2). This 
second domain is highly enriched in serine, threonine, 
and proline, contains several potential N-glycosylation 
sites (depending on the species: human 6; murine 7; 
porcine 6), and bears no recognizable homology with 
other known protein sequences (Foster et al., 1994). 
TPO, like EPO, contains four cysteine residues (aa 7, 29, 
85, 151), three of which are conserved. Site-directed 
mutagenesis experiments have shown that the first and 
the last cysteines of EPO form a disulfide bond essential 
for EPO activity (Wang etal., 1983). By analogy, the first 
and last cysteine residues of TPO also form a critical 
disulfide bond essential for exhibiting TPO activity. The 
mature polypeptide has a predicted molecular mass of 
35.5 kDa; however, it is anticipated that mature TPO will 
have a much greater molecular mass, since both the 
recombinant murine and human proteins expressed in 
yeast have been observed to be heavily glycosylated and 
to be composed of as much as 50% carbohydrate. Bartley 
and colleagues (1994) purified 25 kDa and 31 kDa forms 
of TPO, which may be products of proteolytic processing 
at the C-terminus. This interpretation is consistent with 
the fact that expression of a truncated human cDNA, 
encoding amino acids 1-195, yields a biologically active 
protein. 

Comparison of the predicted amino acid sequences of 
the mature TPO from human, mouse and pig showed a 
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Figure 23.2 Deduced amino acid sequence of the human TPO. Potential N-glycosylation sites are indicated; 
cysteine residues creating disulfide bridges are shown as filled circles. The proteolytic cleavage site assembled by 
the dibasic Arg-Arg pair is indicated in bold circles. 


72% identity between mouse and human, 68% identity of 
mouse versus pig, and 73% identity between human and 
pig. The homology is substantially greater in the amino- 
terminal half of TPO, being 81% to 85% homologous 
between any two species (Gurney et al., 1995a). 


4, Cellular Sources 


Initial northern blotting studies using murine 
thrombopoietin cDNA as a probe revealed that the 
mRNA is expressed in a number of tissues (Lok et al., 
1994; de Sauvage et al., 1994; Bartley et al., 1994). 
Although liver is the predominant site of expression, 
lower amounts are easily detectable in kidney, smooth 
muscle, and spleen. Reverse transcriptase PCR 
demonstrated that both endothelial cells and fibroblasts 
contain readily detectable thrombopoietin transcripts. 


5. Biological Activities 
5.1 IN VITRO ACTIVITIES 


TPO functions primarily as a differentiation factor, with 
limited ability to promote megakaryocyte progenitor 
growth by itself (Kaushansky et al., 1995). The generation 
of megakaryocyte colonies (CFU-Mk) in semisolid 


matrices, reflecting megakaryocyte progenitor 
proliferation and maturation, was most potently 
stimulated when thrombopoietin was used in 


combination with early-acting growth factors such as 
interleukin-3 or the c-kit ligand (Banu et al., 1995; 
Broudy et al., 1995). Although IL-3 is able to induce early 
stages of megakaryocytic development in the absence of 
TPO, the latter is required for full megakaryocyte 
maturation. In liquid culture, TPO augments terminal 
differentiation of megakaryocytes, as demonstrated by a 
significant increase in their DNA content (Broudy et al., 
1995), as well as expression of the platelet-specific 
differentiation antigens gpIb (Kaushansky et al., 1994; 
Morgan et al., 1994) and gplIb/IIIa (de Sauvage et al., 
1994; Bartley et al., 1994; Papayannopoulou et al., 
1994). Electron microscopy studies showed that TPO, 
but not IL-3, IL-6, or IL-11, is able to complete the 
program of megakaryocyte differentiation required to 
produce mature platelets (Kaushansky et al., 1995). TPO 
also acts in synergy with other pluripotent cytokines on 
hematopoietic stem cells to augment development of 
erythroid and myeloid progenitors (Kaushansky et al., 
OO 


5.2 IN VIVO ACTIVITIES 


There are conflicting reports about the in vivo activities 
of TPO, possibly owing to species-specific differences 
between murine and human TPO protein used in the 
studies. Miyazaki and colleagues (1994) found a modest 
increase in platelet counts 8 days after the administration 
of human TPO to mice. Similar results were obtained by 
de Sauvage and colleagues (1994), who injected 
recombinant murine TPO into mice and detected a 
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modest increase (20%) in circulating platelets and a 40% 
increase in incorporation of *S into platelets. 1n contrast, 
when TPO was administered to normal Balb/c mice for 
6 days, a profound increase in marrow and splenic 
colony-forming units megakaryocyte (CFU-Mk) and 
megakaryocytes, and a 4-fold increase in platelet counts 
was observed. Splenic colony-forming units erythroid 
(GFU-E), marrow and splenic burst forming units 
erythroid (BFU-E), and marrow and splenic colony 
forming units granulocyte-macrophage (CFU-GM) were 
reproducibly increased up to 3-fold (Kaushansky et al., 
1994). This effect on CFU-GM was also noted by Levin 
and colleagues (1980) after the induction of acute 
thrombocytopenia using antiplatelet antiserum. Injection 
of recombinant TPO into nonhuman primates increases 
platelet counts by stimulating endoreduplication and 
megakaryocyte formation from marrow progenitor cells 
(Harker et al., 1996). Additional support for the concept 
that thrombopoietin plays an important role in 
megakaryopotiesis iv vivo arises from studies of mice 
genetically engineered to lack the c-mp/ receptor. These 
mice display platelet counts that are 15% of the level 
found in normal mice and reduced numbers of 
megakaryocytes in the marrow. Myelopoiesis, 
erythropoiesis, and lymphopoiesis appear to be normal in 
the c-mpl-deficient mice (Methia et al., 1993). 


6. The Receptor 


The murine myeloproliferative leukemia virus (MPLV) is 
a replication-defective retrovirus that induces an acute 
myeloproliferative disorder after inoculation of mice in 
the presence of helper murine leukemia virus. The 
envelope gene of MPLV contains the oncogene v-mpl, 
which has characteristics of a transmembrane protein. 
Both the murine and the human cellular homologs have 
been cloned (Vigon et al., 1992, 1993). Since MPLV was 
found to transform multiple hematopoietic lineages sn 
vitro, and the structure of c-mpl shares features with 
members of the hematopoietin cytokine receptor family, 
it was postulated that c-mpl encodes the receptor for a 
hematopoietic growth factor. The extracellular part of c- 
mpl consists of two hematopoietin domains, which in 
turn contain a conserved array of cysteine residues, a 
dimer interface homology region (Alexander et æl., 
1995), and a WSXWS box near the transmembrane 
region (Figure 23.3). A box 1/2 motif but no tyrosine 
kinase consensus sequence has been identified in the 
intracellular region of the receptor protein. C-mpl 
displays an overall sequence similarity that is most closely 
related to IL-3RB (Vigon et al., 1992). 

Transcripts specific for c-mp/ are found in primitive 
hematopoietic cells, including CD34* cells, in 
megakaryocytes, and in platelets but not in lymphocytes, 
neutrophils, or monocytes (Methia et al., 1993). 





ore 


roan 
Caa TO 


INNT 
LLL : D00000 












Figure 23.3 Model for the TPO receptor. The 
homologous regions of hematopoietic cytokine 
receptors, the four conserved cysteine residues (Cys- 
reg), the dimer interface homology regions (DIH), and 
the common WSXWS motif and the carboxy-terminal 
region (C-reg) are indicated. 


7. Signal Transduction 


The thrombopoietin receptor (c-mp/) fits the general 
model of signal transduction developed for other 
members of the cytokine receptor superfamily. TPO 
binding leads to activation of tyrosine kinases, including 
JAK2 and TYK2, in platelets (Miyakawa et al., 1995; 
Ezumi et al., 1995) and two different factor-dependent 
hematopoietic cell lines (Sattler et al., 1995), whereas 
only JAK2 is stimulated in human megakaryoblastic 
leukemia-derived cell lines (M07e, mumpl-UT7), which 
express c-mpl and proliferate in response to TPO (Pallard 
et al., 1995; Sasaki et al., 1995; Tortolani et al., 1995). 
Drachman and colleagues (1995) demonstrated that a 
direct interaction of JAK2 and c-mp/ in a hematopoietic 
murine cell line, BaF3/mpl, was detectable only after 20 
min of ligand stimulation and increased at 60 min. This 
rather delayed event is in marked contrast to the early 
phosphorylation of JAK2, and they suggest that JAK2 
becomes phosphorylated prior to binding the 
cytoplasmic domain of c-mp/and that another kinase may 
first be activated by c-mpl, which in turn might be 
responsible for JAK2 phosphorylation. 

TPO stimulation also results in increased 
phosphotyrosine content of known signaling molecules, 
such as She and Shc-associated protein (Sasaki et al., 
1995), but in contrast phospholipase C-y and 
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phosphatidylinositol 3-kinase displayed little and no 
tyrosine phosphorylation, respectively (Drachman et al., 
1995). TPO also induces phosphorylation of adaptor 
molecules, such as Vav, serine/threonine kinases Raf-1 
and mitogen-activated protein (MAP) kinases Erk-] and 
Erk-2 (Yamada et æl., 1995) and further activates Ras, 
MAP kinase kinase, and Pim-1 (Nagata and Todoro 
295); 

There are differing reports concerning activation of 
signal transducer and activator of transcription proteins 
(STAT proteins). The phosphorylation of the STAT 
proteins has been shown to be essential for homo- or 
heterodimerization, translocation into the nucleus, and 
formation of DNA binding complexes. TPO stimulates 
tyrosine phosphorylation of STAT3 in platelets (Ezumi et 
al, 1995), and STAT] and STAT3 in human 
megakaryoblastic CMK cells (Gurney et al., 1995b). In 
contrast to these observations are results published by 
Pallard and colleagues (1995). They demonstrated that 
TPO activates a STATS-like transcriptional factor in 
murine UT7 cells expressing c-mp/ (mumpl UT7), in a 
very rapid and transient manner, but not STAT1, STAT2, 
STAT3, or STAT4 proteins. The activation of STATS by 
TPO in these cells is shared by GM-CSF and EPO, but 
not IFN-y or stem cell factor (SCF). The transcriptional 
factor STAT5 can be constitutively activated in cells 
expressing the oncogenic form of a cytokine receptor 
such as v-mpl (Pallard et al., 1995). Miyakawa and 
colleagues (1996) demonstrated that TPO induces 
tyrosine phosphorylation of STAT3 and STATS5 in 
human platelets. Furthermore it has been shown that, in 
the cell line Ba/F3-mMPL, the closely related proteins 
STATS5A and STAT5B are both activated by TPO 
stimulation and are capable of heterodimerisation 
(Drachman et al., 1997). 

Taken together, these observations demonstrate that 
TPO induces the activation of at least two distinct 
signaling pathways, a specific JAK2-TYK2/STAT 
signaling cascade and a common Shc/Vav/Ras/Raf- 
1/MAP kinase kinase/MAP kinase signaling cascade. 

By analogy to the G-CSF receptor, EPO receptor, 
prolactin receptor, and growth hormone receptor, it has 
been shown that c-mpl functions through receptor 
homodimerization and is mediated by conserved 
hematopoietin receptor dimer interface domains 
(Alexander et al., 1995). The function of most hemato- 
poietin receptors has been defined by the ability of the 
receptors to control proliferation of hematopoietic cells. 
To achieve a proliferative cell response, two structural 
motifs (boxl and box2) in the cytoplasmic domain are 
required (Hirano et al., 1990). Morella and colleagues 
(1995) and Gurney and colleagues (1995b) demon- 
strated that the membrane-proximal box] sequence 
motif is critical for c-mpl signaling. A second region of 
the c-mpl intracellular domain located at the C-terminus 
is required for tyrosine phosphorylation of Shc and 
induction of c-fos mRNA. 


8. Cytokine in Disease and Therapy 


Platelets are necessary for blood clotting, and when their 
numbers are very low a patient is at serious risk of death 
from catastrophic hemorrhage. 

The possibility of producing recombinant thrombo- 
poietin for use as a therapeutic treatment for 
thrombocytopenia, for example, following bone-marrow 
failure resulting from chemotherapy and radiation, is an 
attractive proposition. There are certainly convincing 
arguments for the development of a recombinant protein 
approach to stimulating platelet production. First, the 
existing treatments for thrombocytopenia rely on 
transfusions of platelet concentrates prepared from 
recently donated blood. Second, platelets have a 
relatively short shelf-life of 5 days. Third, platelets carry 
surface antigens and, if repeated transfusions are 
required, there is a potential risk of the formation of 
platelet allo-antibodies. The use of recombinant EPO for 
increasing red-blood-cell counts in anemia, and of 
recombinant G-CSF for increasing neutrophil counts in 
chemotherapy-induced neutropenia, has been 
particularly successful. First promising studies by Broudy 
and colleagues (1995) demonstrated that thrombo- 
poietin actually has the capacity to reduce the time for 
platelet recovery (3 weeks to 12 days) of mice treated by 
chemotherapy and radiation. Cwirla et al. (1997) founda 
peptide agonist (14aa) with high affinity to the TPO 
receptor, that increases platelet count by stimulating 
megakaryocytopoiesis. When administered to normal 
mice this peptide may therefore serve as useful lead 
compound for the development of a therapeutically 
effective agent. 
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l. Introduction 


Today’s knowledge of tumor necrosis factor (TNE) is the 
culmination of over two centuries of clinical observations 
and experimentation. It was initially observed that cancer 
patients who experienced a severe infection sometimes 
had a regression of their tumor (Nauts, 1989). Many 
examples were described where an induced infection was 
used successfully as a cancer treatment. The best- 
documented early clinical studies were carried out around 
the turn of the century by W.B. Coley, a surgeon at the 
New York Cancer Hospital. He found that treatment with 
a mixture of bacterial extracts, later known as “Coley’s 
toxins”, was as effective as inoculations of live bacteria 
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(Coley, 1894). Although many successful cases were 
reported, the approaches of Coley did not catch on in the 
cancer field in view of the considerable progress made by 
surgery and by radiotherapy at that time, and because of 
the toxicity of the regimen. Fortunately, experimental and 
preclinical research continued. Fifty years later, Shear and 
his colleagues demonstrated that Serratia marcescens 
extracts induced hemorrhagic necrosis when 
administered to mice bearing transplanted sarcomas 
(Shear et al., 1943). Later, the active component was 
identified as lipopolysaccharide (LPS) derived from the 
cell wall of Gram-negative bacteria. It was also established 
that mice primed with Bacillus Calmette-Guérin (BCG) 
for 2-3 weeks become hypersensitive to LPS. This led to 
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the key finding by Old and his colleagues at the Memorial 
Sloan-Kettering Cancer Center in New York that mice 
primed with BCG and then treated with LPS release 
within hours in their serum a factor which causes 
hemorrhagic tumor necrosis in subcutaneous MethA 
sarcoma-transplanted tumors (Carswell et al., 1975). This 
factor, which turned out to be a protein, was given the 
name “tumor necrosis factor”. Both the initial exposure 
to BCG and the subsequent LPS challenge were required 
for optimal production of the TNF activity, and both were 
known to stimulate macrophage activity. In vitro TNF 
production by isolated macrophages was soon 
established. TNF was directly cytotoxic to some tumor 
cell lines 72 vitro, the prototype of which is the mouse 
fibrosarcoma line L929; this provided a quantitative assay 
system 7m vitro. Protein purification and partial 
sequencing led to the cloning of both human and murine 
TNF (Pennica et al., 1984; Fransen et al, 1985; 
Marmenout et al., 1985; Shirai et al., 1985; Wang et al., 
1985). At the present time, TNF has been purified from a 
wide range of other animal species also (reviewed in Fiers, 
1992): 

Independent research led to the discovery of the same 
factor. Cerami and. his coworkers at the Rockefeller 
lnstitute had been studying the severe wasting or 
cachexia observed in chronic infection or in cancer 
(reviewed in Beutler and Cerami, 1988). Their studies 
led to the identification of a serum factor, named 
“cachectin”, which suppressed lipoprotein lipase activity 
in an adipocyte cell line. When this factor was purified 
and partially sequenced, it turned out to be identical to 
the previously cloned murine TNF. 

A third route of research led to the discovery of 
lymphotoxin-@ (LT-a). Unlike TNF, LT-@ is exclusively 
made by stimulated T-lymphocytes. In 1984, Aggarwal 
and colleagues isolated human LT-a and cloned the gene 
(Gray et al., 1984). The mature polypeptide turned out 
to be 30% homologous with human TNF, appears to act 
at the same receptor, and has been called TNF-ßB, while 
the “classical” TNF would become TNF-a. Remarkably, 
a membrane-associated form of LT has been discovered, 
consisting of a heterotrimeric complex containing two 
LT-a monomers together with a 33 kDa transmembrane 
protein (Androlewicz et al., 1992). The gene encoding 
this LT-a-associated protein was cloned (Browning et al., 
1993). Since this protein (p33) forms a complex with 
LT-aq, is structurally related to LT-a, and lies next to the 
TNF/LT-œ& locus in the genome, it was given the name 
LT-B. As the function and biology of LT-B are currently 
poorly characterized (reviewed in Ware et al., 1995), the 
latter will not be discussed in detail, and we will continue 
to use the term “LT” for LT-a, except when we 
specifically refer to LT-B. 

The availability of pure recombinant TNF in large 
quantities allowed a detailed study of its biological 
properties. TNF has turned out to be a cytokine with very 
diverse biological activities that might explain its role in 


various physiological and pathological phenomena, such 
as infection, inflammation and immunomodulation, 
cancer, cachexia, and lethal septic shock. The reader is also 
referred to some reviews which focus in more detail on the 
different aspects of the biology of TNF (Beutler and 
Cerami, 1989; Vassalli, 1992; Sidhu and Bollon, 1993; 
Beyaert and Fiers, 1994; Heller and Krönke, 1994; 
Vandenabeele etal., 1995a; Fiers et al., 1996; Argiles etal., 
1997; Wallach et al., 1997). The literature on LT is less 
voluminous. In general, TNF and LT display similar 
spectra of activities in 77 vitro systems, although LT is often 
less potent (Browning and Ribolini, 1989) or apparently 
has partial agonistic activity (Andrews et al., 1990). 


` 


2. The TNE and LT Genes 


2.1 GENE SEQUENCE AND STRUCTURE 


Both TNF and LT genes were found to be encoded by a 
single gene of about 3 kilobases (kb) in size (Figure 
24.1(a,b)). The gene for LT-B is about 2 kb (Figure 
24.1(c)). Localization of the TNF and LT genes on the 
human genome led to the surprising finding that they were 
closely linked and mapped in the middle of the major 
histocompatibility complex (MHC), on the short arm of 
the human chromosome 6. More exactly, the TNF-LT 
gene cluster is about 210 kb away from the HLA-B locus, 
toward the centromere and the distal end of the class Ill 
loci (Spies et al., 1991). The polyadenylation site of the LT 
gene is separated from the transcription /initiation site of 
the TNF gene by only approximately 1 kb. The LT-B gene 
is localized within 2 kb of the TNF gene. Both human TNE 
and LT genes are made up of four exons (Figure 
24.2(a,b)). Also the LT-B gene is contained within four 
exons 1n an arrangement very similar to that of TNE and 
LT, except for being oriented in the opposite direction 
(Figure 24.2(c)). In each case, the last exon encodes the 
majority (over 80%) of the secreted protein and these 
sequences are approximately 56% homologous. The 
position of the intron/exon junction linking the last large 
exon, which encodes essentially all of the extracellular 
domain and most likely the receptor-binding region, is 
completely conserved in all three genes. The 5’ regions of 
the TNF and LT genes are also somewhat homologous and 
there are short sequences which are identical in the 
putative promoter regions. Based on these observations it 
is likely that these genes arose from a common ancestral 
sequence through a tandem duplication event. 


2.2 GENE REGULATION 


The regulatory elements mainly responsible for 
transcriptional activation of TNF and LT have been 
studied by Jongeneel and colleagues (Jongeneel, 1992). Tt 
turns out that elements responsive to the NEKB 


TUMOR NECROSIS FACTOR AND LYMPHOTOXIN 


33 





(a) 


4053 


4095 


5067 
5300 


5649 


(b) 


781 


819 
1267 
1461 


1814 


(C) 2724 


2764 


3330 
3559 
4026 


Figure 24.1 


kekekke 
TCTCGCCCCAGGGACATATAAAGGCAGTTGTTGGCACACCCA 


GCCAGCAGACGCTCCCTCAGCAAGGACAGCAGAGGACCAGCTAAGAGGGAGAGAAGCAACTACAGACCCCCCCTGAAAACAACCCTCAGA 
CGCCACATCCCCTGACAAGCTGCCAGGCAGGTTCTCTTCCTCTCACATACTGACCCACGGCTTCACCCTCTCTCCCCTGGAAAGGACACC 
ATGAGCACTGAAAGCATGATCCGGGACGTGGAGCTGGCCGAGGAGGCGCTCCCCAAGAAGACAGGGGGGCCCCAGGGCTCCAGGCGGTGC 


TIGTTCCTCAGCCTCTICTCCTTCCTGATCGTGGCAGGCGCCACCACGCTCTTCTGCCTGCTGCACTTTGGAGTGATCGGCCCCCAGAGG 
GAAGAG 


TTCCCCAGGGACCTCTCTCTAATCAGCCCTCTGGCCCAGGCAGTCA 
GATCATCTTCTCGAACCCCGAGTGACAAGCCTGTAGCCCATGTTGTAG 


CAAACCCTCAAGCTGAGGGGCAGCTCCAGTGGCTGAACCGCCGGGCCAATGCCCTCCTGGCCAATGGCGTGGAGCTGAGAGATAACCAGC 
TGGTGGTGCCATCAGAGGGCCTGTACCTCATCTACTCCCAGGTCCTCTTCAAGGGCCAAGGCTGCCCCTCCACCCATGTGCTCCTCACCC 
ACACCATCAGCCGCATCGCCGTCTCCTACCAGACCAAGGTCAACCTCCTCTCTGCCATCAAGAGCCCCTGCCAGAGGGAGACCCCAGAGG 
GGGCTGAGGCCAAGCCCTGGTATGAGCCCATCTATCTGGGAGGGGTCTTCCAGCTGGAGAAGGGTGACCGACTCAGCGCTGAGATCAATC 
GGCCCGACTATCTCGACTTTGCCGAGTCTGGGCAGGTCTACTTTGGGATCATTGCCCTGTGAGGAGGACGAACATCCAACCTTCCCAAAC 
GCCTCCCCTGCCCCAATCCCTTTATTACCCCCTCCTTCAGACACCCTCAACCTCTTCTGGCTCAAAAAGAGAATTGGGGGCTTAGGGTCG 
GAACCCAAGCTTAGAACTTTAAGCAACAAGACCACCACTT CGAAACCTGGGATT CAGGAATGTGTGGCCTGCACAGTGAAGTGCTGGCAA 
CCACTAAGAATTCAAACTGGGGCCTCCAGAACTCACTGGGGCCTACAGCTTTGATCCCTGACATCTGGAATCTGGAGACCAGGGAGCCTT 
TGGTTCTGGC CAGAATGCTGCAGGACTTGAGAAGACCTCACCTAGAAATTGACACAAGTGGACCTTAGGCCTTCCTCTCTCCAGATGTTT 
CCAGACTTCCTTGAGACACGGAGCCCAGCCCTCCCCATGGAGCCAGCTCCCTCTATTTATGTTTGCACTTGIGATTATTTATTATTTATT 
TATTATITATTTATTTACAGATGAATGTATTTATTTGGGAGACCGGGGTATCCTGGGGGACCCAATGTAGGAGCTGCCTTGGCTCAGACA 
TGTTTTCCGTGAAAACGGAGCTGAACAATAGGCTGTTCCCATGTAGCCCCCTGGCCTCTGTGCCTTCTTTTGATTATGTTTTTTAAAATA 
TTTATCTGATTAAGTTGTCTAAACAATGCTGATTTGGTGACCAACTGTCACTCATTGCTGAGCCTCTGCTCCCCAGGGGAGTTGTGTCTG 
TAATCGCCCTACTATTCAGTGGCGAGAAATAAAGTTTGCTT 


























kkkkeke 
CCGCTTCCTCTATAAAGGGACCTGAGCGTCCGGGCCCA 


GGGGCTCCGCACAGCAGGTGAGGCT CT CCT GCCCCATCTCCTTGGGCTGCCCGTGCTTCGTGCTTTGGACTACCGCCCAGCAGTGTCCTG 
CCCTCTGCCTGGGCCT CGGTCCCTCCTGCACCTGCTGCCTGGATCCCCGGCCTGCCTGGGCCTGGGCCTTG 


GTTCTCCCCATGACACCACCTGAACGTCTCTTCCTCCCAAGGGTGTGTGGCACCACCCTACACCTCCTCCTICTGGGGCTGCTGCTGGTT 
CTGCTGCCTGGGGCCCAG 


GGGCTCCCTGGTGTTGGCCTCACACCTTCAGCTGCCCAGACTGCCCGTCAGCACCCCAAGATGCATCTTGCCCACAGCACCCTCAAACCT 
GCTGCTCACCTCATTG 


GAGACCCCAGCAAGCAGAACTCACTGCTCTGGAGAGCAAACACGGACCGTGCCTTCCTCCAGGATGGTTTCTCCTTGAGCAACAATTCTC 
TCCTGGTCCCCACCAGTGGCATCTACTTCGTCTACTCCCAGGTGGTCTTCTCTGGGAAAGCCTACTCTCCCAAGGCCACCTCCTCCCCAC 
TCTACCTGGCCCATGAGGTCCAGCTCTTCTCCTCCCAGTACCCCTTCCATGTGCCTCTCCTCAGCTCCCAGAAGATGGTGTATCCAGGGC 
TGCAGGAACCCTGGCTGCACTCGATGTACCACGGGGCTGCGTTCCAGCTCACCCAGGGAGACCAGCTATCCACCCACACAGATGGCATCC 
CCCACCTAGTCCTCAGCCCTAGTACTGTCTICTTTGGAGCCTTCGCTCTGTAGAACTTGGAAAAATCCAGAAAGAAABRAATAATTIGATTT 
CAAGACCTTCTCCCCATTCTGCCTCCATTCTGACCATTTCAGGGGTCGTCACCACCTCTCCTTTGGCCATTCCAACAGCTCAAGTCTTCE 
CTGATCAAGTCACCGGAGCT TT CAAAGAAGGAATTCTAGGCATCCCAGGGGACCACACCTCCCTGAACCATCCCTGATGTCTGTCTGGCT 
GAGGATTTCAAGCCTGCCTAGGAATTCCCAGCCCAAAGCTGTTGGTCTTGTCCACCAGCTAGGTGGGGCCTAGATCCACACACAGAGGAA 
GAGCAGGCACATGGAGGAGCTTGGGGGATGACTAGAGGCAGGGAGGGGACTATTTATGAAGGCAAAAAAATTAAATTATTTATTTATGGA 
GGATGGAGAGAGGGGAATAATAGAAGAACATCCAAGGAGAAACAGAGACAGGCCCAAGAGATGAAGAGTGAGAGGGCATGCGCACAAGGC 


TGACCAAGAGAGAAAGAAGTAGGCATGAGGGAT CACAGGGCCC CAGAAGGCAGGGAAAGGCTCTGAAAGCCAGCTGCCGACCAGAGCCCC 
ACACGGAGGCATCTGCACCCTCGATGAAGCCCAATAAACCTCTTTTCTCTGA 














kkk RRS 
CGTCCCTGAGGTATGAAAGCCCCCTGCTCTGGCTCTGGTT 


CAGTCTCAATGGGGGCACTGGGGCTGGAGGGCAGGGGTGGGAGGCTCCAGGGGAGGGGTTCCCTCCTGCTAGCTGTGGCAGGAGCCACTT 
CTCTGGTGACCTTGTTGCTGGCGGTGCCTATCACTGTCCTGGCTGTGCTGGCCTTAGTGCCCCAGGATCAGGGAGGACTG 


GTAACGGAGACGGCCGACCCCGGGGCACAGGCCCAGCAAGGACTGG 
GGTTTCAGAAGCTGCCAGAGGAGGAGCCAGAAACAGATCTCAGCCCCGGGCTCCCAGCTGCCCACCTCATAG 


GCGCTCCGCTGAAGGGGCAGGGGCTAGGC TGGGAGACGACGAAGGAACAGGCGTTTCTGACGAGCGGGACGCAGTTCTCGGACGCCGAGG 
GGCTGGCGCTCCCGCAGGACGGCCTCTATTACCTCTACTGTCTCGTCGGCTACCGGGGCCGGGCGCCCCCTGGCGGCGGGGACCCCCAGG 
GCCGCTCGGTCACGCTGCGCAGCTCTCTGTACCGGGCGGGGGGCGCCTAC GGGCCGGGCACTCCCGAGCTGCTGCTCGAGGGCGCCGAGA 
CGGTGACTCCAGTGCTGGACCCGGCCAGGAGACAAGGGTACGGGCCTCTCTGGTACACGAGCGTGGGGTTCGGCGGCCTGGTGCAGCTCC 
GGAGGGGCGAGAGGGTGTACGTCAACATCAGTCACCCCGATATGGTGGACTTCGCGAGAGGGAAGACCTTCTTTGGGGCCGTGATGGTGG 
GGTGAGGGAATATGAGTGCGTGGTGCGAGTGCGTGAATATTGGGGGCCCGGACGCCCAGGACCCCATGGCAGTGGGAAAAATGTAGGAGA 


CTGTTTGGAAATTGATTTTGAACCTGATGAAAATAAAGAATGGAAAGCTTCAGTGCTGCCGATAAA 
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Genomic sequence of human TNF (a) and LT-o (b), according to Nedospasov et al. (1986), and of LT-8 


(c), according to Browning et al. (1993). The four exons of each gene are indicated. Untranslated regions are 
underlined. The position of the amino terminal residue of the mature protein is bold underlined. Asterisks indicate 


the TATA box. 


ta 


transcription factor are especially important to confer LPS 
inducibility. However, more factors must be involved to 
explain the selective activation and expression of the TNF 
gene. For example, truncated versions of the TNF 
promoter, lacking NF«B-binding motifs, are active in non- 
macrophage cell lines (Kruys et æl., 1992). The mRNAs 
of TNE and LT, like several other cytokine mRNAs, have 


AU-rich sequences in the untranslated 3’ sequence of the 
mRNA, which decrease the stability of the mRNA (Caput 
et al., 1986). This sequence may represent recognition 
sites for specific mRNA-processing proteins. A 
ribonuclease has been isolated from mouse macrophages 
that specifically destabilizes mRNA containing this 
UUAUUUAU sequence in the 3’ region (Beutler and 
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Figure 24.2 Schematic representation of the gene structure of human TNF (a), LT-c (b), and LT-B (c), as determined 

by the DNA sequence shown in Figure 24.1. The sizes of the exons and introns are denoted in bp above and below 

each figure. Some special restriction sites are indicated in the lower part of each figure. Hatched sections indicate 
the untranslated regions. 


Cerami, 1988). Furthermore, this octamer also produces a 
translational block (Han et al., 1990). Remarkably, this 
AU-rich motif is lacking in LT-B (Browning et al., 1993). 
A factor has been identified that is able to overcome the 
inhibitory influence of the TNF 3’ untranslated region 
(Kruys et al., 1992). Its action depends on the presence of 
sequences found in the TNF 5’ untranslated region. 


3. Protein Structure 


Mature secreted human TNF consists of 157 amino acids 
(aa), whereas human LT contains 171 residues. Human 


LI-B contains 240 amino acids. The mature LT protein 
is preceded by a “classical” 34-aa signal sequence, while 
the mature TNF is preceded by a 76-aa presequence, the 
first part of which corresponds to an intracellular domain 
when TNF is present as a 26 kDa membrane-bound form 
(see below). The homology between LT and TNE at the 
amino acid level amounts to 28% (Figure 24.3). LI-6 isa 
transmembrane protein with a short 15-aa N-terminal 
cytoplasmic domain, and a stretch of 30 hydrophobic 
amino acids which acts as a membrane-anchoring domain 
(Browning et al., 1993). LT-B is 21% identical to TNE 
and 24% to LT (Browning et al., 1993). In contrast to 
LT, TNF contains a disulfide bridge (Cys**°-Cys’’’), 
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Figure 24.3 Comparison of the amino acid sequence of human TNF (top), LT-a (middle), and LT-B (bottom). The 
numbering refers to human TNF. The sequences are optimally aligned; identical residues are shaded. LT-co and LT-B 
each contain a single N-glycosylation site (single underlined). Human TNF contains two cysteines involved ina 
disulfide bond (double underlined). Basic residues (K or R), where trypsin can cleave, are indicated in bold. The start 
of mature TNF and LT-o is indicated by an arrow. 


which does not seem to be required for activity (Figure 
24.3). Under denaturing conditions, the molecular 
masses of human TNF, LT, and LT-B are approximately 
17 kDa, 25 kDa, and 33 kDa, respectively. Both TNF 
and LT are homotrimers (Wingfield et al., 1987; Lewit- 
memuey ce al, 1988). The three subunits are 
noncovalently linked by secondary forces. The 
interaction is so strong that even at very high dilution 
there is no evidence whatsoever for dissociation, meaning 
that the trimer is also the biologically active form 
(Wingfield et al., 1987). It is very likely that LT and LT- 
B associate to form a heteromeric complex with a trimeric 
structure similar to those of TNF and LT. The 
stoichiometry of the complex was believed to be o,f, 
(Androlewicz et al., 1992), although a small portion of 
the complex may also exist as an &,B, form. Natural LT is 
a glycoprotein, while TNF is not. The isoelectric point of 
TNF is 5.6. ln contrast to TNE (pH stability from 5-10), 
LT is rather acid-labile. TNF activity is destroyed by 
Beatie tor l h at 70°C (Ruff and Gifford, 1981). 
Well-diffracting crystals of TNF have been obtained 
(Lewit-Bentley et al., 1988), and the three-dimensional 
structure was solved at both 2.9 A and 2.6 A resolutions 


(Eck and Sprang, 1989; Jones et al., 1989). The shape of 
the molecule resembles a triangular pyramid (Figure 
24.4) in which each subunit consists of two B-pleated 
sheets, five antiparallel B-strands in each. The three 
subunits are arranged edge to face. It is quite remarkable 
that this arrangement is also found in the capsid proteins 
of certain viruses, including picorna viruses and satellite 
tobacco necrosis virus. The outside B-sheet is rich in 
hydrophilic residues, while the inner sheet is largely 
hydrophobic and contains the C-terminal segment, 
which is located close to the central axis of the trimer. 
The first 8-10 residues on the amino acid terminus 
appear to be relatively unconstrained and are not.crucial 
for activity. By mutational analysis, the active site has 
been located in the lower half of the trimeric cone, in the 
cleft between two subunits (Yamagishi eż al., 1990; Van 
Ostade et al., 1991). Each active site formed between 
two subunits corresponds to a receptor-binding domain, 
implying three such binding sites in the TNF molecule. 
Also, the crystal structure of the extracellular domain of 
the p55 TNE receptor complexed to LT confirms that 
these regions are involved in receptor binding (Banner et 
al., 1993). Interestingly, a number of TNF mutants were 
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Figure 24.4 Quaternary structure of human LT-« ((a) 
and (c)) and human TNF ((b) and (d)) trimers. (a) and (b) 
are frontal views, (c) and (d) are top views. 


generated with exclusive specificity for the p55 or p75 
TNF receptors (Loetscher et al., 1993; Van Ostade et al., 
1993). These mutants provide a physiological tool to 
independently activate one or the other receptor, even 
when they are present on the same cell, and enable 
distinction between the signals generated by each 
receptor (see Section 6). 

The three-dimensional structure of human LT has 
been determined at 2.9 A resolution (Eck et al., 1992), 
and shows close similarity to the structure of TNE 
(Figure 24.4). Insertions and deletions in the two 
sequences correspond to loops near the top of the trimer. 


4, Cellular Sources and Production 


Originally it was believed that TNF was strictly produced 
by monocytes and macrophages. Nowadays, it seems 
that, at least 7 vitro, many cell types can produce TNF 
after an appropriate stimulus (reviewed in Sidhu and 
Bollon, 1993). It should be mentioned that the 
intracellular TNF mRNA level may not be related to the 
amount of protein secreted: treatment with LPS increases 
gene expression 3-fold, intracellular TNF mRNA 100- 
fold, and TNF protein production 1000-fold (Beutler 
and Cerami, 1988). Besides LPS (endotoxin), which 
represents the main stimulus, viral, fungal, and parasital 
antigens, enterotoxin, mycobacterial cord factor, C5a 


anaphylatoxin, immune complexes, interleukin (IL)-1, 
IL-2 and, in an autocrine manner, TNF itself, may trigger 
the synthesis of TNF. 

TNF is expressed as a 26 kDa integral transmembrane 
precursor protein from which a 17 kDa mature TNF 
protein is released into the medium by proteolytic 
cleavage (Figure 24.5(a)) (Pennica et al., 1984; Kriegler 
et al., 1988). It was shown that synthetic metallo- 
proteinase inhibitors can specifically inhibit TNE 
processing and secretion at a post-translational step both 
in vitro and in vivo (Gearing et al., 1994; McGeechan et 
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Figure 24.5 Schematic representation of the 
processing of human TNF (a), LT-o. (b), and LT-8 (c). The 
primary translation products of TNF and LT-3 are 
membrane-anchored proteins. Their intracellular partis 
indicated by a hatched box, while their transmembrane 
region is stippled. TNF, unlike LT-8, can be processed to 
mature TNF, which is released into the medium. The 
primary translation product of LT-o is preceded bya 
“classical” signal sequence, which is cleaved off in the 
endoplasmic reticulum, after which LT-o is secreted. 
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al., 1994; Mohler et al., 1994). Such drugs could be very 
useful in the management of septic shock and other 
INF-associated pathologies. Cleavage does not always 
occur efficiently in all cell types, and often polypeptides 
of slightly different lengths can be observed (Cseh and 
Beutler, 1989). Recently, a TNF-converting enzyme has 
been identified (Black et al., 1997; Moss et al., 1997). 
‘The fact that the presequence is strongly maintained 
among different species indicates that it fulfills a very 
important biological function. Not only secreted TNF, 
but also the membrane-bound form is biologically active 
(Perez et al., 1990; Decoster et al., 1995). Membrane 
insertion may be an effective way to keep the action of 
TNF restricted to specific locations. Recently, the 
transmembrane form of TNF has been shown to be 
superior to soluble TNF in activating the TNF p75 
receptor in various cell systems (Grell et al., 1995). 

Unlike TNF, LT is exclusively produced by T 
lymphocyte subsets, both of the CD4* and CD8* type, 
following antigenic stimulation in the context of class II 
and class I restriction, respectively (Paul and Ruddle, 
1988). Some normal as well as Epstein-Barr virus- 
immortalized B lymphocytes can produce LT. LT 
synthesis can also be induced by IL-2 or IL-2 plus 
interferon-y (IFN-y), or some viruses, such as vesicular 
stomatitis virus (VSV) or herpes simplex-2 (HSV-2) 
(Paul and Ruddle, 1988). 

As already discussed above, LT starts with a “classical” 
signal sequence which is cleaved off after secretion 
(Figure 24.5(b)). But LT can be retained at the surface 
by association with LT-B, which is an integral membrane 
glycoprotein (Figure 24.5(c)) (Browning et al., 1991; 
Androlewicz ct al., 1992; Ware etal., 1995): LT-& and 
LT-B expressions seem to parallel each other, and the 
expression of LT-8 mRNA is increased by phorbol esters 
and IL-2. 

There are also antagonists of TNF induction and 
synthesis. Glucocorticoids and prostaglandin E, (PGE,) 
inhibit TNF synthesis, both at the transcriptional and at a 
post-transcriptional level (Beutler et al., 1992; Seckinger 
and Dayer, 1992). The suppressive activity of PGE, 1s 
believed to be mediated by cAMP as a secondary 
messenger. It is of interest that after administration of 
TNF to experimental animals, both ACTH/ 
glucocorticoids as well as PGE, are induced, and these 
mediators presumably function as negative feedback 
regulators. Other important physiological, antagonistic 
regulators of TNF synthesis are transforming growth 
factor-B (TGF-B) (Flynn and Palladino, 1992), IL-4 
(Hart et al., 1989), and especially IL-10 (Fiorentino et 
al., 1991). The latter even prevents lethality in 
experimental endotoxemia (Gérard et al., 1993). Also 
pharmacological agents can be used as antagonists of 
TNF synthesis. Reducing agents which are known to 
inhibit NFB activation, e.g., N-acetylcysteine and 
glutathione, have been shown to inhibit TNF synthesis in 
some cell types (Roederer et al., 1992). Pentoxifylline 


and thalidomide selectively inhibit TNF production by 
monocytes/macrophages, without affecting IL-l and 
IL-6 production (Waage et al., 1990; Sampaio et æl., 
1991). Cyclosporin A inhibits TNF production in 
macrophages at the translational level and in T cells and 
B cells at the transcriptional level (Goldfeld et al., 1992). 
Recently, a new series of pyridinyl-imidazole compounds 
which act as specific inhibitors of the stress-activated p38 
mitogen-activated protein (MAP) kinase, has been 
shown to inhibit the production of TNF and IL-1 from 
stimulated human monocytes (Lee et al., 1994). Finally, 
lipoxygenase inhibitors have also been shown to suppress 
LPS-induced TNF biosynthesis in murine macrophages 
(Schade et al., 1989). 


5. Biological Activities 
5.1 TNE ACTIVITIES IN VITRO 


5.1.1 Cytotoxicity 


Although cytotoxicity may not be the major activity of 
TNE zn vivo, it was among the first activities attributed 
to the protein and, given its uniqueness, may be 
considered the hallmark of this cytokine. Although the 
early studies suggested that TNF was selectively 
cytostatic or cytotoxic on transformed cell lines and had 
no effect on normal cells in culture (Sugarman et al., 
1985; Fransen et al., 1986a,b), subsequent studies 
showed that there may be some exceptions, such as 
endothelial cells, smooth-muscle cells, adipocytes, 
fibroblasts, and keratinocytes, which, under certain 
conditions, are inhibited by TNF (Sato et al., 1986; 
Palombella and Vilček, 1989; Robaye et al., 1991). The 
cytotoxic action of TNF can vary depending on the 
growth conditions, viz., the degree of confluence and 
differentiation (Kirstein et al., 1986). Also, not all tumor 
cell lines are sensitive to the antiproliferative effect of 
TNF. This is not due to a difference in TNF receptor 
number, nor is there a correlation between susceptibility 
to TNE and embryological or histological origin of the 
tumor cell types. Many factors and conditions have been 
identified which increase the sensitivity of the cell to 
TNF, and even render TNE-resistant cells sensitive to 
TNF: interferon (Williamson et al, 1983), high 
temperature (Ruff and Gifford, 1981), transcription or 
translation inhibitors (Ruff and Gifford, 1981), mitosis 
inhibitors (Darzynkiewicz et al., 1984), topoisomerase 
II inhibitors (Alexander et al., 1987), some protein 
kinase inhibitors (Beyaert et al, 1993b), and LiCl 
(Beyaert et al., 1989). 

Depending on the type of target cell and on the 
presence of metabolic inhibitors, TNF can induce necrotic 
or apoptotic cell death (Schmid et a/., 1986; Dealtry et al., 
1987; Laster et al., 1988; Grooten et al., 1993). Necrosis 
is characterized by cell swelling, destruction of cell 
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organelles, and cell lysis. In apoptosis, the cell shrinks, 
apoptotic bodies are formed, and in most cases specific 
internucleosomal DNA fragmentation is observed. 

In murine cells, TNF and LT are nearly equipotent 
for inducing a cytotoxic response, whereas with many 
human tumor cells LT is often far less potent than 
TNF (by more than 100-fold). The reason for this 
difference is unclear, and cannot be explained by a 
difference in affinity of LT binding (Browning and 
Ribolini, 1989). 


5.1.2 Differentiation 


The process of differentiation can be affected by many 
cytokines, including TNF and LT. For example, TNF has 
been shown to reverse adipocyte differentiation, 
decreasing the expression of genes associated with 
lipogenesis to yield a more undifferentiated pre- 
adipocyte (Torti et al, 1985). In HL-60 cells, TNF 
induces monocytic differentiation (Peetre et al., 1936). 
The latter phenomenon is characterized by increased 
nitro-blue tetrazolium staining, nonspecific esterase 
activity, expression of monocyte-specific cell-surface 
antigens, and alterations in protooncogene expression 
(Krönke et al, 1987). LT also induces HL-60 
differentiation along the monocytic lineage (Hemmi et 
al., 1987). IFN-a and IFN-y, retinoic acid, and 10,25- 
dihydroxyvitamin D, have been reported to be 
synergistic with TNF in the induction of differentiation 
(Tobler and Koeffler, 1987; Trinchieri et al, 1987a,b). 
This induction may also be involved in the direct 
antitumor activity of TNF. 


5.1.3 Growth Stimulation 


Besides being cytotoxic to many tumor cells, TNE has 
also been shown to be mitogenic for a number of normal 
cells, such as fibroblasts, smooth-muscle cells, T cells and 
B cells (Vilček et al., 1986; Kahaleh et al., 1988). Some 
tumor cells such as osteosarcoma and ovarian tumors are 
growth-stimulated by TNF (Kirstein and Baglioni, 1988; 
Wu et al., 1992). TNF can be cytotoxic and mitogenic at 
the same time, in that low doses of TNE induce DNA 
synthesis and enhance growth, but high doses are 
cytotoxic (Palombella and Vilček, 1989). 


4 


5.1.4 Antiviral Activity 


TNF or LT treatment of cells. mediates an antiviral 
effect against several viruses, such as VSV and HSV-2 
(Wong and Goeddel, 1986). TNE has also been shown 
to lyse cells infected with different viruses (Koff and 
Fann, 1986; Rood et al., 1990). In contrast, TNF has 
been shown to enhance the infection rate and 
replication of human immunodeficiency virus (HIV) 
(lto et al., 1989; Matsuyama et al., 1989). This 
enhancement is mediated by transcriptional 
upregulation of the HIV long terminal repeat acme 
result of TNF-induced activation of the transcription 
factor NF«B (Osborn et al., 1989). 


5.1.5 Immune-modulatory and Pro- 
inflammatory Activity 


Activated monocytes/macrophages are the major in vivo 
sources of endogenous TNF synthesis. TNF was found to 
activate monocytes and macrophages as well as to 
mediate their cytotoxic activity against TNF-sensitive 
tumor cells (Philip and Epstein, 1986; Decker et al., 
1987). However, the main macrophage-activating factor 
is IFN-y. The fact that TNF-resistant cells can also be 
lysed by activated macrophages indicates that TNF is not 
the only cytotoxic mediator released by macrophages. 
Cytotoxicity is also mediated by reactive oxygen species, 
such as peroxides and NO, which can be induced by TNE 
(Hoffman and Weinberg, 1987; Higuchi et al., 1990) 
TNF also causes the secretion of various cytokines, such 
as 1L-1, IL-6, and IL-8. The main negative regulator of 
macrophage activation is TGF-8, which deactivates 
macrophages and reduces, for example, their capacity to 
release peroxides (Flynn and Palladino, 1992). Macro- 
phages play a key role in the immune system by 
presenting antigens in an MHC class II context. The 
latter determinant is upregulated by IFN-y and TNF, and 
this effect is again counteracted by TGEF-8. 

INF very rapidly induces neutrophil adherence to 
endothelial cells (Gamble et al, 1985), activates 
phagocytosis (Klebanoff et al., 1986), and enhances 
specific antibody-dependent cellular cytotoxicity 
(Shalaby et al., 1985). The oxidative burst is increased 
10-fold, but only under conditions of adherence 
(Schleiffenbaum and Fehr, 1990). TNF also increases 
adhesion of neutrophils to extracellular matrix proteins, 
such as fibrinogen, fibronectin, and even serum-coated 
plastic. The mechanism of the TNF-induced increase in 
adhesiveness seems to be based on a conformational 
rearrangement of the CDlla/CD18 and CD1 ley 
CD18 integrins on the cell surface (Gamble et al., 1992). 

Resting T cells and B cells appear to express no or only 
very low numbers of TNE receptors, and TNE 
upregulates its receptors after activation (Kehrl et al., 
1987; Scheurich et al., 1987). TNF is produced by 
activated lymphocytes and can act as an autocrine growth 
factor (Ehrke et al., 1988: Yokota et al., 1988). This 
stimulation involves induction of high-affinity 1L-2 
receptors and synthesis of IL-2. TNE also provides a 
synergistic effect with 1L-2 in the generation of 
lymphokine-activated killer (LAK) cells (Chouaib et al., 
1988). 

Natural killer (NK) cells and natural cytotoxic cells 
mediate their cytotoxicity at least partially by producing 
TNF (Wright and Bonavida, 1987). Activated NK cells 
propagated zm vitro in the presence of IL-2 are dependent 
on endogenously produced TNF for their proliferation 
(Naume et æl., 1991). TNF also enhances the cytotoxic 
activity of the NK cells, perhaps by stimulating 
endogenous TNF synthesis (Østensen et al., 1987). 

TNF drastically alters the properties of endothelial 
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cells. The immune properties of the endothelial cells are 
increased as a result of TNF-induced MHC class 1 
expression. TNF treatment leads to the surface 
expression of membrane-bound IL-1, as well as adhesion 
molecules, such as ELAM-1, ICAM-1, ICAM-2, and 
VCAM-1 (Collins et al., 1984; Kurt-Jones et al., 1987; 
Pober and Cotran, 1990). IL-8, a strong stimulator of 
‘polymorphonuclear neutrophils (PMNs), is secreted by 
TNF-treated endothelial cells (Strieter et al., 1989). The 
expression of these molecules results in the binding of 
granulocytes, lymphocytes, and monocytes to vascular 
endothelium, and play an important role in the 
development of an inflammatory state and migration of 
leukocytes into tumors. TNF treatment of an endothelial 
cell layer also leads to morphological changes, and these 
effects may contribute to increased microvascular 
permeability and to extravasation of neutrophils, 
lymphocytes, and monocytes (Brett et al., 1989). TNF 
also changes the properties of endothelium from 
anticoagulant to procoagulant, by increased production 
of plasminogen activator inhibitor and tissue factor 
procoagulant activity, and suppression of both 
plasminogen activators and thrombomodulin, a cell- 
surface cofactor required for the activation of protein C 
(van Hinsbergh et al, 1988; Lentz et aly 1991; Vassalli, 
1992). Depending on the conditions, TNF can be toxic 
or angiogenic to endothelial cells (Leibovich et æl., 1987; 
Robaye et al., 1991). Finally, TNF induces the synthesis 
and secretion of cytokines (GM-CSF, G-CSF, M-CSF, 
IL-6, IL-8, IL-1, TNF), as well as several low-molecular- 
mass mediators, such as PGE, and NO (Kilbourn and 
Belloni, 1990). The latter is implicated in TNF-induced 
hypotension. 

Although TNE and LT have most of their properties 
in common, some data indicate that LT induces fewer 
pro-inflammatory activities on cultured endothelial cells 
than TNE iz vitro. Indeed, LT leads to less neutrophil 
adherence and cytokine production (Broudy et al., 1987; 
Locksley et al., 1987). 


5.1.6 Gene Induction 


TNE induces many gene products involved in 
inflammation, tissue repair, hematopoiesis, immune 
response and antitumor effects. An exhaustive list of such 
TNE-responsive genes has been compiled (Fiers, 1993), 
including genes coding for transcription factors, growth 
factors, cytokines, and cell surface antigens. Some of the 
TNE-responsive genes code for so-called “INE 
resistance proteins”, which can inhibit TNF cytotoxicity. 
Indeed, the cytotoxic activity of TNF is enhanced up to 
100-fold in the presence of transcription or translation 
inhibitors, such as actinomycin D or cycloheximide, 
respectively (Ruff and Gifford, 1981). Many cell lines are 
quite resistant to TNF, but become sensitive when they 
are also treated with actinomycin D (Fransen et æl., 
1986a). Examples of “TNF resistance proteins” are 
manganese superoxide dismutase (Wong and Goeddel, 


1988), the zinc-finger protein A20 (Opipari et al., 
1992), and the heat-shock protein hsp70 (Jaattela et al., 
1992): 


5.1.7 Other in vitro Activities 


Receptors for TNF are present on nearly all cell types, 
and it is therefore not unexpected that TNF exerts an 
effect on almost every cell type studied. Only a few more 
examples of particular interest are given below. 

TNE induces the synthesis of collagenase, hyaluronic 
acid, plasminogen activator, and PGE, in synovial cells 
(Brenner et al., 1989). lt also causes resorption of human 
articular cartilage and stimulates synthesis of 
plasminogen activator in human articular chondrocytes 
(Campbell et al., 1990). 

In muscle cells, TNF stimulates glycolysis and 
glycogenolysis. There is an increase in glucose transport, 
a rise in fructose 2,6-bisphosphate, and an increased 
release of lactate (Sherry and Cerami, 1988; Zentella et 
al., 1993). TNF also causes a small drop in 
transmembrane potential (Tracey et al., 1986). Vascular, 
smooth-muscle cells release 1L-1 and IL-6 after 
stimulation with TNF (Warner and Libby, 1989). 
Furthermore, induction of NO synthetase, NO 
production, and release of prostaglandins may contribute 
to TNF-induced blood vessel relaxation and hypotension 
(Geng et al., 1992). 

TNE has been shown to stimulate the production of 
various hormones, including ACTH, growth hormone, 
and thyroid-stimulating hormone, in pituitary cells 
(Milenkovic et al., 1989). 

Finally, TNF is cytotoxic to oligodendrocytes in 
culture, and mediates demyelination of cultured mouse 
spinal cord (Powell and Steinman, 1992). The latter 
findings have led to speculation about a role for TNF in 
multiple sclerosis. 


5.2 TNE ACTIVITIES IN VIVO 
5.2.1 Antitumor Activity 


A murine MethA sarcoma in a syngenic mouse was the 
first system in which antitumor activity of TNF was 
shown (Carswell et al., 1975). A single injection of 2 ug 
human TNE was sufficient to cause hemorrhagic necrosis 
within 24h. The cure rate increased with increased 
frequency of administration and TNF dose, and often 
complete cure could be obtained. It should be 
mentioned that MethA sarcoma cells are completely 
resistant to TNE iz vitro. Hence, the antitumor effect on 
MethA sarcoma cells iv vivo is completely host-mediated 
(Palladino et al., 1987). Several lines of evidence indicate 
that the antitumor activity is mediated by vascular 
changes in the tumor. Only well-established 
subcutaneous tumors were subject to necrosis after TNF 
treatment, while small early tumors and intraperitoneal 
tumors were resistant (Manda et al., 1987). Moreover, 
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there is local fibrin deposition and thrombus formation in 
the microcapillaries of the tumor tissue which lead to 
ischemic necrosis starting in the central part of the tumor 
(Nawroth et al., 1988; Shimomura et al., 1988). Finally, 
the antitumor effect of TNF could be prevented by the 
anticoagulant dicoumarol (Shimomura et al., 1988). It 
should be stressed that the MethA sarcoma is quite 
unique in its i vivo high sensitivity to TNF. In 
contradistinction to most human tumors, the MethA 
sarcoma is fairly immunogenic, and this might explain 
the high susceptibility. The role of an immune response 
was further supported by Asher and coworkers (Asher et 
al., 1987), who compared weakly immunogenic and 
nonimmunogenic syngenic tumors. In these 
experiments, only immunogenic tumors showed a 
response. Furthermore, hemorrhagic necrosis of a 
MethA tumor is much reduced in nude mice (Haranaka 
et al., 1984). Hence, T cells presumably play an 
important role in the induction of hemorrhagic necrosis. 
It should be noted that infiltration of inflammatory cells 
in the tumor may also play an important role. The 
specific susceptibility of the microvascular system of a 
tumor to TNF remains intriguing. Whether this 
specificity is obtained through T cell-derived factors or 
tumor-derived factors, or is an intrinsic property of 
nascent tumor vasculature, remains unclear (Nawroth et 
al., 1988; McIntosh et al., 1990). 

T cell-deficient nude mice bearing tumors derived 
from human malignant cell lines or from transplantable 
human xenografts offer another model system which has 
often been used to study the antitumor activity of TNF 
(Balkwill et al., 1986, 1987; Nosoh et al., 1987; Manetta 
et al., 1989). Although there is no contribution from 
activated cytotoxic T cells in these mice, other potential 
contributory systems remain functional, such as 
activation of tumoricidal macrophages, natural killer 
cells, and neutrophils. For example, a marked influx of 
PMNs in the peritoneal cavity of nude mice carrying a 
human ovarian xenograft in the peritoneum has been 
demonstrated after intraperitoneal injection of TNF 
(Malik and Balkwill, 1992). Nevertheless, these studies 
also demonstrated that local perilesional or intratumoral 
treatment of subcutaneous tumors was much more 
efficient than intraperitoneal treatment, suggesting a 
direct antitumor cell activity in this model. This is further 
suggested by the observation that tumor cells for which a 
synergistic effect was seen in vitro between TNE and 
IFN-y, TNF and LiCl, or TNF and staurosporine gave 
rise after intradermal injection to tumors in nude mice, 
which were now sensitive in vivo to the same synergistic 
combinations (Balkwill eż al., 1986; Beyaert et al., 1989, 
1993b). An even stronger argument comes from results 
obtained with a human TNF mutant which was specific 
for human p55 receptors and did not recognize murine 
INF receptors, neither p55 nor p75. When these 
muteins were injected into nude mice carrying a human 
tumor xenograft, they induced an antitumor response as 


effective as the one obtained with wild-type human TNE, 
which can also bind to murine cells. Again this effect 
became more pronounced in the presence of human 
IFN-y (Van Ostade et al., 1993). 

In vitro studies have shown that the antiproliferative 
effect of TNF can be enhanced by many agents, such as 
cytokines (IFN, IL-1, IL-2), some cytotoxic drugs, and 
higher temperature (see also Section 5.1.1). A similar 
synergistic effect has been demonstrated in vivo. TNE 
and IFN-y have shown either additive or synergistic 
antitumor activity against mouse and rat tumors as well as 
human ovarian tumor xenografts in nude mice 
(Brouckaert et al., 1986; Gresser et al., 1986; Balkwill et 
al., 1987; Marquet et al., 1987): Both direct and indirect 
effects were shown to be involved in the increased 
antitumor response. However, the toxicity of a 
combination treatment was fairly high. Also IFN-o 
enhances the antitumor activity of TNF against human 
breast carcinoma and renal cell carcinoma xenografts in 
mice (Balkwill et al., 1986; Baisch et al., 1990). With 
several tumor models there was a synergy with TNE and 
IL-2 therapy (Nishimura et al., 1987; McIntosh et al., 
1988). Host immunity and tumor immunogenicity 
played an important role in tumor regression. TNF has 
been shown to enhance the cytotoxicity of IL-2-induced 
LAK (lymphocyte-activated killer) cells against tumors 
such as adenocarcinoma, sarcoma, and leukemia (Owen- 
Schaub et al., 1988; Teichmann et al., 1992). However, 
although induction of LAK activity can occur in athymic 
nude mice, there was no potentiation of the antitumor 
activity of TNF by IL-2 administration (Malik et al., 
1989). Cytotoxic drugs, such as cyclophosphamide, 
doxorubicin, adriamycin, etoposide, and staurosporine, 
enhanced the antitumor action of TNE in piyo 
(Alexander et al., 1987: Regenass et al., 1987; Krosnick 
et al., 1989; Beyaert et al., 1993b). Some of these 
combinations can also increase the systemic toxicity and 
suppress immune responses. For some tumor cells there 
is a dramatic synergy between TNF and LiCl, both zn 
vitro and in vivo, without inducing toxicity. Animals 
carrying tumors susceptible to the two agents showed 
complete and lasting remissions when treated 
perilesionally with TNF and LiCl (Beyaert et al., 1989). 
Finally, the effective synergy between TNE and 
hyperthermia should be recalled (Haranaka et al., 1987; 
Watanabe et al., 1988). The synergistic action is readily 
observed in tissue culture and presumably contributes to 
a direct antitumor activity in pivo. Furthermore, 
Fujimoto and collaborators have shown that a reduced 
blood flow induced by hyperthermia might be involved 
in tumor regression (Fujimoto et al, 19929 

A number of studies have followed the ability of TNF 
to limit experimental metastasis. In some studies involving 
treatment with the combination of TNE and [FN-y 
(Schultz and Altom, 1990) or TNF and IL-6 (Mulé et al., 
1990), important inhibition of experimental metastasis 
was observed. Treatment with TNE as such was mostly 
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not as successful. In fact, TNF even promoted peritoneal 
metastasis of ovarian carcinoma in nude mice (Malik et al., 
1989). Two factors contributed to this phenomenon: 
increased adherence of tumor cells to the peritoneal 
surface, and stromal proliferation. Interestingly, cells 
secreting TNE show enhanced metastasis in nude mice 
(Malik et al., 1990). Similarly, endogenous TNE or 
administered TNE enhanced the metastatic potential of 
circulating tumor cells in an experimental fibrosarcoma 
metastasis model in mice (Orosz et al., 1993). 


5.2.2 Synthesis of Other Mediators 


TNF rapidly induces the synthesis of mediators such as 
prostaglandins (Kettelhut et al., 1987), which contribute 
to the pathology of TNF but are also required for 
induction of protecting factors such as glucocorticoids 
(Takahashi et al., 1993). 1L-6 is also strongly and rapidly 
induced by TNF in a large number of cell types and 
released into the circulation. IL-6 is a very pleiotropic 
cytokine, acting on the immune system and on the 
neuroendocrine system and, perhaps most importantly of 
all, is one of the main inducers of the acute-phase 
response (Van Snick, 1990; Baumann and Gauldie, 
1994). A sustained increase in 1L-6 after injection of 
TNF correlated with TNF-induced lethality (Libert et 
al., 1990; Brouckaert et al, 1992). TNF-induced 
glucocorticoids can counteract the toxicity of TNF. 
Indeed, TNF becomes much more lethal when the 
feedback control, exerted by endogenous 
glucocorticoids, is inhibited by injecting the antagonistic 
drug RU38486. Again this correlates with high 1L-6 
levels persisting until death (Brouckaert et al., 1992). 
Finally, sensitization of mice to TNE toxicity by tumors 
again correlates with high inducibility of IL-6 (Cauwels 
et al., 1995). However, although the above observations 
may suggest a causal relationship between IL-6 levels and 
lethality, antibodies against IL-6 or IL-6 receptor 
provided only limited protection against TNF-induced 
lethality (Libert et al., 1992). Moreover, mice deleted of 
functional IL-6 genes remained fully sensitive to TNE 
(Libert et al., 1994). 

Another important cytokine induced by TNF is IL-1. 
Although TNE and IL-1 have an almost overlapping 
spectrum of activities (Last-Barney et al., 1988), the 
biological effects of the two cytokines are not identical. 
In contrast to TNF, a single injection of IL-1 is not 
lethal, even at quite high doses. However, 
coadministration of TNF and 1L-1 leads to a highly 
synergistic toxicity (Okusawa et al., 1988; Everaerdt et 
al., 1989), suggesting that IL-1 sensitizes the animal to 
the toxic effect of TNF. Indeed, the lethality of TNF for 
healthy mice can be partially counteracted by repeated 
injections of IL-1 receptor antagonist (Everaerdt et al., 
1994). When mice are treated with IL-1 or low doses of 
TNF itself 12 h before a high dose of TNE, they become 
much more resistant to a normally lethal challenge with 
MNP (Wallach eral 1988; Libert etal., 1991a; 


Takahashi et al., 1991). The protective effect of IL-1 or 
TNF pretreatment may operate via the liver (Libert et al., 
1991b), although the nature of the protective factor is 
not known at present. 


6. Receptors 


Like other cytokines, TNF acts via specific cell-surface 
receptors. These are present on nearly all cell types 
studied, except for erythrocytes and unstimulated 
lymphocytes. Two receptors have been cloned which 
differ in size and in binding affinity. Based on the 
molecular mass of the proteins, they are referred to as 
ps5 and p75 (Dembic et al., 1990; Gray et al., 1990; 
Himmler et al., 1990; Loetscher et al., 1990; Nophar et 
al., 1990; Schall et al., 1990; Smith et al., 1990a). The 
binding constant is about 2 x 10°*° M and the number of 
receptors varies from about 200 to 10000 per cell. Both 
receptors bind TNF as well as LT. Of considerable 
interest is the fact that human TNF does not bind to 
murine p75 (Lewis et al., 1991). A third receptor 
recognized by TNF, but not by LT, has been reported in 
liver extracts (Schwalb et al., 1993). Further 
characterization and cloning are necessary before 
conclusions can be drawn regarding its significance. 

The two receptor types consist of an extracellular 
domain which binds TNF and is homologous for 28%, a 
transmembrane region, and an intracellular part which is 
totally different and does not contain any recognizable 
structure associated with a particular function. Each 
extracellular domain contains four conserved, cysteine- 
rich repeats, about 38 to 42 amino acids in length 
(Figure 24.6). Most or all of the cysteines are fixed in 
cysteine bridges. Based on similarities in their 
extracellular domains, these receptors belong to a 
receptor superfamily including the low-affinity nerve 
growth factor receptor, the Fas antigen, the human B- 
lymphocyte activation molecule CD40, and the OX40 
antigen found on activated T cells (Smith et al., 1994; 
Baker and Reddy, 1996). The remarkable absence of 
homology between the intracellular regions of both TNE 
receptors suggests that they are involved in different 
functions or signal-transducing pathways. Most of the 
TNE responses known (NF«B activation, cytotoxicity, 
1L-6 induction, fibroblast proliferation) occur by 
activation of p55 (Engelmann et al., 1990; Thoma et al., 
1990). However, TNE activities on T cells seem to be 
p75-mediated (Tartaglia ez al., 1991; Vandenabeele et 
al., 1992). A contribution of p75 was also demonstrated 
in cytotoxicity (Shalaby et al., 1990; Heller et al., 1992; 
Grell et al., 1993; Bigda et al., 1994), in endothelial and 
neutrophil functions (Barbara et al., 1994), as well as in 
inhibition of early hematopoiesis (Jacobsen et al., 1994). 
Some of the latter data might be explained by the “ligand 
passing model” in which p75, having a 5-fold higher 
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Figure 24.6 Schematic representation of the two TNF receptors (TNF-R55 = p55 receptor; TNF-R75 = p75 receptor). 
The extracellular (EC) domain, the transmembrane domain (TM), and the intracellular domain (IC) are indicated. The 
EC domain can be separated into four cysteine-rich repeats (horizontal lines show the disulfide bridges). The death 
domain has been shown, by mutational analysis, to be responsible for cytotoxic action, while the total IC domain of 
p55 is required for NO synthetase induction (Tartaglia et al., 1993a). The TRAF-binding domain of p75 has been 
shown to be responsible for NFxB activation (Rothe et al., 1994 and 1995b). Potential N-glycosylation sites are 
indicated by an asterisk. 


affinity and fast dissociation rate, presents TNE to 
neighboring p55 molecules (Tartaglia et al., 1993p). It 
has been reported that p75 can contribute, in HeLa cells, 
to the cytotoxic effect of TNF both by its own signaling 
and by regulating the access of TNF to p55 (Bigda et al., 
1994). In the case of a T cell-derived cell line, true 
cooperation between the two signaling pathways for the 
induction of apoptosis, and not “ligand passing”, has 
been shown to occur (Vandenabeele et al., 1995 b). 
Soluble TNF-binding proteins, which later were 
identified as extracellular domains of the TNF receptors, 
have been found in urine and serum (Nophar et al., 
1990). They arise by proteolytic cleavage from surface- 
bound receptors (Porteu et al., 1991). At the amino 
terminus, 11 and 4 residues are missing from soluble p55 
and p75, respectively. The cleavage at the C-terminus of 
the former is after residue 171 (Nophar et al., 1990), 
while the C-terminal cleavage site for soluble p75 may be 
heterogenous. The protease responsible for TNE 
receptor shedding remains to be identified. Receptor 
shedding from cell lines can be induced by protein kinase 
C (PKC) activators, by N-formylmethionyl-leucyl- 
phenylalanine, by complement fragment 5A, by the 
calcium ionophore A23187, or by TNF itself (Porteu 


and Nathan, 1990; Porteu and Hieblot, 1994). 
Remarkably, the cytoplasmic domain of p75 has been 
shown not to be absolutely essential for shedding 
(Brakebusch et al., 1992; Crowe et al., 1993). Soluble 
INF receptors can affect TNE activity not only by 
interfering with its binding to cells but also by stabilizing 
the structure and preserving its activity, thus prolonging 
some of its effects (Aderka et al., 1992: cf. Section 7 
The TNF receptors have half-lives between 30 min 
and 2 h, and it has been suggested that this rapid 
turnover is related to the high content of so-called 
“PEST” sequences (proline, glutamic acid, serine, 
threonine) in the intracellular domains. Ubiquitination 
may be involved in this degradation process, at least as far 
as p75 is concerned (Loetscher et al., 1990). TNF 
receptors can be up- or downmodulated. Both type I 
IFNs and IFN-y have been shown to increase or decrease 
the expression of cell surface receptors, depending on the 
cell type studied (Tsujimoto et al., 1986; Ruggiero et al., 
1987; Aggarwal and Pandita, 1994). cAMP and analogs 
strongly enhance p75 expression in HL-60 cells and in 
some myeloid cells, indicating a regulatory role for 
protein kinase A (Hohmann et al., 1991). On the other 
hand, activation of PKC leads to disappearance of the 
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TNF receptors from the cell surface (Unglaub et al., 
1987). In the latter case the mechanism may be due to 
receptor shedding. Also, treatment with TNE leads to 
downmodulation of its receptors. TNF receptors are 
rapidly internalized and there is no recycling. 

A receptor for LT-B has been described which is unable 
to bind TNF or LT-a (Crowe et al., 1994). The LT-B 
receptor also contains a cysteine-rich motif characteristic 
of the TNF receptor superfamily. The cytoplasmic region 
of the LI-B receptor has little sequence similarity with 
other members of the receptor family, which suggests that 
the mechanism used to signal cellular responses may be 
unrelated. Although the LT-B receptor lacks a typical 
death domain (see below), signaling through the LT-ßB 
receptor can induce the death of some adenocarcinoma 
tumor lines (Browning et al., 1996). 


7. Signal Transduction 


The primary trigger for signaling is clustering of the TNF 
receptors, which is brought about by binding to the 
trimeric INF. The main argument in support of a 
clustering mechanism comes from the observation that 
Overexpression of a fusion protein of the intracellular part 
of the p55 TNF receptor with chloramphenicol 
acetyltransferase, the latter enforcing trimerization, is 
sufficient to induce cell death (Vandevoorde et al., 
1997). In addition, monoclonal antibodies to the TNF 
receptor can mimic the action of TNF (Engelmann et al., 
1990; Espevik et æl., 1990). The fact that a pentameric 
immunoglobulin (lgM) M monoclonal antibody is 
considerably more active in mimicking TNF action as 
compared to the bivalent lgG is further support for a 
clustering mechanism. Moreover, stoichiometric binding 
studies (Pennica et al., 1992) and three-dimensional 
resolution of ligand-receptor complexes which employed 
genetically engineered TNF receptor ectodomains 
(Banner et al., 1993) have confirmed that trimeric TNF 
is indeed able to bind up to three TNF receptors. 
Furthermore, it has been shown that interaction with 
TNF leads to the formation of disulfide-linked receptor 
aggregates (Grazioli et al., 1994). Following clustering, 
the ligand-receptor complex is internalized by clathrin- 
coated pits, and via endosomes and multivesicle bodies 
ends up in the lysosomes, where it is degraded 
(Mosselmans et al., 1988). Whether internalization and 
degradation are necessary to induce a biological response 
is still under debate (Decker et al., 1987; Smith et al., 
1990b). The intracellular part of p55 can be divided in 
two domains: a membrane-proximal and a membrane- 
distal (i.e., carboxy-terminal) domain. The latter is 
largely homologous to the Fas intracellular domain, and 
has been referred to as the “death domain” (Tartaglia et 
al., 1993a,c). Both domains are important for NO 
synthase induction, but the death domain is sufficient for 


cytotoxicity. Furthermore, TNF-induced activation of 
two distinct types of sphingomyelinase (SMase), a 
membrane-associated neutral SMase and an endosomal 
acidic SMase, is mediated by the membrane-proximal 
domain and the membrane distal (death) domain of p55, 
respectively (Wiegmann et al., 1994). In a yeast two- 
hybrid screening using the intracellular domain of p55 as 
a bait, Hsu and colleagues (1995) identified TRADD, a 
34 kDa cytoplasmic protein containing a C-terminal 
death domain. TRADD and p55 interact through their 
death domains and TRADD is recruited to p55 in a 
INF-dependent process (Hsu et al., 1995, 1996b). As 
observed for p55, overexpression of TRADD causes 
apoptosis and activation of NFxB, suggesting that 
TRADD is critically involved in p55 signal transduction. 
The recent discovery that TRADD interacts with 
TRAF2, FADD, and RIP (see below), suggests that 
TRADD may function as an adaptor to recruit other 
signaling proteins to p55 after TNF stimulation (Hsu et 
al., 1996a,b). TRAF2 was originally identified as a 
protein that associates with a C-terminal region in the 
cytoplasmic domain of p75, which is indispensable for 
p75-mediated signal transduction (Rothe et al., 1994). 
Binding of TRAF2 to p75 and p55/TRADD is required 
for NF«B activation (Rothe et al., 1995b; Hsu et al., 
1996b). TRAF2 recruits the NF«B-inducing kinase NIK 
to the membrane, which in turn activates a recently 
indentifed lxB kinase complex through phosphorylation 
of two related IxB kinases (Maniatis, 1997). Two other 
proteins, known as cellular inhibitors of apoptosis (c- 
IAP] and c-IAP2), are also recruited to the TNF 
receptors by binding to TRAF2 (Rothe et al., 1995a), 
but their physiological function is still not clear. FADD 
and RIP are two death domain proteins which were 
originally isolated based on their interaction with Fas 
(Boldin et al., 1995; Chinnaiyan et al., 1995; Stanger et 
al., 1995), another member of the TNF receptor family. 
Both proteins have been shown to mediate p55-induced 
apoptosis, while only RIP can also mediate p55-induced 
NFx«B activation (Chinnaiyan et æl., 1996; Hsu et al., 
1996a,b). Evidence has also been provided that both 
receptors can be phosphorylated by an associated kinase 
(Darnay et al., 1994a,b; Beyaert et al., 1995), but its 
biological function remains unknown. 

Recent studies implicate a group of cytoplasmic thiol 
proteases which are structurally related to the 
Coenorhabditis elegans protease CED3 and the 
mammalian IL-18-converting enzyme (ICE) in the onset 
of cell death induced by TNF and various other apoptotic 
stimuli (Nicholson and Thornberry, 1997; Van de Craen 
et al., 1997). Specific peptides and virus-encoded proteins 
blocking protease functions were found to protect cells 
from TNF-mediated cytotoxicity. In addition, rapid 
cleavage of specific intracellular proteins, mediated by 
proteases of the CED3/1CE family, was observed shortly 
after TNF stimulation. The mechanism of activation of the 
proteases by TNF receptors has not yet been established, 
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but the cloning ofa novel CED3/ICE protease, MACHa 
or FLICE (Boldin et al., 1996; Muzio et al., 1996), that 
binds to the TNF receptor-associated protein FADD 
indicates that protease activation constitutes the most 
upstream enzymatic step in the cascade of signaling for the 
cytocidal effects of TNF. 

Mitochondrial radical production (Schulze-Osthoff et 
al., 1992, 1993; Goossens et al., 1995) and a variety of 
enzymes, including phospholipases (Suffys et al., 1991; 
Schütze et al., 1992b; De Valck et al., 1993; Beyaert et al., 
1993a), SMases (Wiegmann et al., 1994), and protein 
Kinases (Kaur et al., 1989; Van Lint et al., 1992: Beyaert et 
al., 1993b, 1996; Beyaert et al., 1997) may also participate 
in the cellular activities of TNF. Some of these enzymes 
may become activated by the proteolytic cleavage by 
CED3/ICE members. However, it cannot be excluded 
that distinct signaling routes, independently of 
MACHG/FLICE, are involved in TNEF-induced cell death. 

TNF induces the synthesis of a wide variety of proteins 
(see Section 5.1.6). Changes in gene expression result 
from the activation of transcription factors by TNF. The 
most important transcription factor involved in TNE- 
induced gene activation is undoubtedly the nuclear factor 
KB (NF«B). It has been shown to be essential for TNF- 
mediated induction of IL-6 (Zhang et al., 1990) and the 
protective protein A20 (Laherty et al., 1993). Activation 
of cytosolic NFkB involves phosphorylation and 
proteolytic degradation of the inhibitory subunit IKB, 
after which an active NF«B dimer can translocate to the 
nucleus (Henkel et al., 1993; Naumann and Scheidereit, 
1994; Maniatis, 1997), and subsequent nuclear 
transactivation of NFKB, which seems to be mediated by 
the p38 stress-activated MAP kinase ( Beyaert et alt, 
1996). In addition to NFKB, TNF has been reported also 
to activate or induce the transcription factors activation 
protein 1 (AP-1), nuclear factor IL-6 (NF-IL-6), cAMP- 
responsive element-binding protein (CREB), and 
possibly others (Zhang et al., 1988; Brenner et al., 
1989). As already mentioned, gene expression is not 
required for TNF-induced cytotoxicity. 

Signaling events leading to cell death may follow the 
following model. TNF binding induces the clustering of 
its cell surface receptors and the association of several 
molecules, which then initiate competing processes: 
transcription of protective genes versus a program of self- 
destruction involving activation of proteases, protein 
kinases, and phospholipases. This results in the formation 
of arachidonic acid, inositol phosphates, diacylglycerol, 
phosphatidic acid, and derivatives. These mediators in 
some way, either directly or through the release of other 
second messengers, provoke activation of other 
pathways, including mitochondrial radical production, 
finally resulting in cell death (reviewed in Beyaert and 
Fiers, 1994). Other models which might be more 
relevant for other TNF-induced activities have been 
described in other reviews (Larrick and Wright, 1990; 
Camussi et æl., 1991; Vilček and Lee, 1991; Schütze et 


al., 1992a; Heller and Krönke, 1994; Fiers et al., 1996: 
Wallach et æl., 1997). 


8. Murine TNF and Murine LT 


The genes for murine TNF (Fransen et al., 1985) and 
murine LT (Li et al., 1987) have been cloned and 
mapped to chromosome 17, where they are closely 
linked at about the same position of the MHC locus. 
Both genes consist of four exons and three introns. The 
murine TNF gene encodes a 235-amino-acid (aa) protein 
of which a presequence of 79 amino acids is cleaved off to 
obtain the mature murine TNF protein of 156 amino 
acids. There is a remarkably great homology in both the 
propeptide (86%) and mature protein (79%) regions 
between the amino acid sequences of murine and human 
TNF. This high sequence homology may be related to 
the nearly complete lack of species specificity of the 
biological action of TNF. It should be mentioned, 
however, that human TNF only binds to p55 in the 
murine system, while murine TNF binds to the two TNE 
receptors both in the murine and human system (Lewis et 
al., 1991). Murine TNF is glycosylated at position 86 of 
the precursor sequence. Two cysteines, at positions 148 
and 179 in the precursor, are involved in an intrasubunit 
disulfide bridge. Murine LT has a 33-aa signal peptide 
and a mature protein of 169 amino acids. There is one 
potential glycosylation site at residue 60. Murine LT is 
highly homologous to human LT (74%) and is 35% 
homologous to murine TNF (Paul and Ruddle, 1988). 

On the basis of homology with the human TNE 
receptor clones, murine TNF receptor cDNAs have also 
been obtained (Lewis et al., 1991). Murine p55 and p75 
are 64% and 62% identical to their human counterparts, 
respectively. Again the two extracellular domains are 
homologous, having 20% identity, and there is no 
relationship between the intracellular domains. The p55 
cDNA codes for a 454-aa precursor protein of the 425-aa 
mature receptor with a 23-aa transmembrane domain, a 
183-aa extracellular domain and a 219-aa intracellular 
domain. The p75 cDNA codes for a 474-aa precursor 
protein of the 452-aa mature receptor with a 29-aa 
transmembrane domain, a 235-aa extracellular domain 
and a 188-aa intracellular domain. The binding constant 
is approximately 2 x 107'° M, which is similar to that of 
the human TNF receptors. Unlike the TNF/LT genes, 
TNF receptors are not linked in the genome; p55 maps 
on murine chromosome 6, and p75 on murine 
chromosome 4. 


9. INF in Disease and Therapy 


The main physiological role of TNE is undoubtedly 
activation of the first-line reaction of the organism to 
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microbial, parasitic, viral, or mechanical stress. lt has an 
important role in antibacterial resistance (Havell, 1989; 
Roll et al., 1990) and may be important in the host 
resistance against leishmaniasis (Liew et al., 1990) and 
Plasmodium falciparum (Butcher and Clark, 1990). 
Mice in which the p55 or p75 TNF receptor is deleted 
have been described (Rothe et al., 1993). Deletion of the 
p55 receptor gene causes pronounced immunodeficiency 
in which animals show enhanced susceptibility to Listeria 
monocytogenes. However, “knockout” of p55 does not 
confer resistance to the lethal effect of LPS; only in 
galactosamine-treated animals does p55 gene deletion 
abrogate the sensitivity to LPS. Deletion of the p75 gene 
causes a minimal phenotype, in which scab formation 
fails to occur in response to repeated intradermal 
injection of TNE and there is modest resistance to the 
lethal effect of TNF. Rather unexpectedly, a develop- 
mental defect has been described in LT-& knockout mice 
(De Togni et al., 1994). Deletion of the LI-a gene 
results in a distinctive phenotype, characterized by the 
absence of lymph nodes and Peyer’s patches, and by 
disordered segregation of B cells and T cells in the 
spleen. Because the two TNF receptors (p55 and p75) 
cannot be implicated as essential participants in the 
ontogeny of lymph nodes and spleen (as discussed 
above), suspicion immediately centers on the 
heteromeric ligand LT-a/LI-f and its receptor. Indeed, 
LT-B-deficient mice reveal severe defects in organo- 
genesis of the lymphoid system similar to LT-a-deficient 
mice, except that mesenteric and cervical lymph nodes 
are present (Alimzhanov et al., 1997; Koni et al., 1997). 

The activity of TNF is tightly regulated at the levels of 
secretion and receptor expression. Additional regulatory 
mechanisms are provided by the concomitant action of 
different cytokines and the presence in biological fluids of 
specific inhibitory proteins, especially soluble cytokine 
receptors (see also Section 6). Abnormalities in the 
production of these substances might contribute to the 
pathophysiology of immune and neoplastic diseases. 
Besides their role in regulating cytokine activity 7 vivo, 
soluble cytokine receptors hold significant potential for 
therapeutic use as very specific anticytokine agents and as 
indicators in diagnosis and assessment of immune 
parameters in a variety of autoimmune and malignant 
diseases (Fernandez-Botran, 1991). 

In cases of overreaction of the host or deficiency of a 
natural autoregulatory network, several deleterious 
effects of TNF can be observed. These are discussed in 
more detail below. 


9.1 SEPSIS 


TNE plays a central role in the pathophysiology of sepsis. 
Studies in rabbits, dogs, baboons, and human volunteers 
have demonstrated circulating levels of TNF (from 0.1 to 
5 nM) after an endotoxin challenge (Beutler et al., 1985; 


Michie et al., 1988). After administration of LPS, TNF 
appears in the plasma after 30 min and reaches maximal 
levels after 60-90 min. It is cleared rapidly and has a 
plasma half-life of 10-20 min in mammals. Passive 
immunization with antisera to TNF can partially protect 
mice and baboons from the lethal effects of endotoxin 
(Beater er al m 1985) Since high doses moi 
dexamethasone can suppress not only the synthesis of 
TNF but also its activity, it is not surprising that 
corticosteroids blunt the shock response to LPS. 
However, pretreatment with corticosteroids is required 
for an effect. Similar results have been observed in the 
clinical treatment of septic shock (Bone et al., 1987). It 
would be a gross simplification, however, to infer that all 
changes associated with sepsis are related to TNF. Other 
cytokines, like IL-1 and IL-6 (and LPS itself), might act 
synergistically with TNF during the induction of shock 
(Okusawa et al., 1988; Rothstein and Schreiber, 1988; 
Waage et al., 1989). 

Administration of TNF results in metabolic changes 
similar to those seen in sepsis. TNF administration to rats 
and dogs results in hypotension, metabolic acidosis, and 
hemoconcentration, followed by hypoglycemia, 
hyperkalemia and respiratory arrest (Tracey et al., 1986). 
In the circulation, marked increases of epinephrine, 
norepinephrine, cortisol, and glucagon are observed. 
The pattern of tissue injury resulting from TNF infusions 
is similar to the effect of LPS administration: pulmonary 
leukostasis and hemorrhage; hemorrhagic necrosis in the 
gut, adrenal gland, and pancreas; intravascular 
thrombosis, and acute tubular necrosis in the kidney. In 
humans, TNF infusions have been associated with 
increases in ACTH, cortisol and catecholamines, and 
increased plasma triglyceride levels (Michie ez al., 1988; 
Sherman et al., 1988). These alterations are similar to the 
changes observed after endotoxin administration to 
normal human volunteers (Michie et al., 1988). 


9.2 CACHEXIA 


Some diseases associated with wasting and cachexia have 
been reported to be characterized by chronically high 
circulating TNF levels. In this regard, a parasitic infection 
has been most frequently associated with high plasma 
TNF levels (Scuderi et al., 1986). As already discussed in 
a previous section, TNF induces a catabolic state in 
adipocytes, increasing lipase activity while inhibiting the 
activity of lipogenic enzymes (Pekala et al., 1983). When 
TNF is injected daily in mice, there is an anorexic effect: 
the animals stop eating and drinking, and there is an 
arrest of bowel movement (Takahashi et al., 1991); but 
after a day or two the animals recover both their weight 
and physical fitness. In cancer cachexia, however, the 
state of anorexia persists. In addition, cancer patients 
who show severe wasting have no TNF in their serum. 
Various physiological and biochemical studies, which as a 
whole strongly argue that TNF is not the main mediator 
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of cachexia, have been discussed in more detail by García- 
Martinez et al. (1997). 


9.3 INFECTION 


Malaria is undoubtedly the most important parasitic 
disease of man. About 1% of the patients develop cerebral 
malaria, which is often fatal, especially in children. It was 
found that plasmodial infection results in an increase in 
circulating TNF levels, and Grau and colleagues (1989) 
reported that treatment of infected mice with anti-TNF 
antibodies could protect against cerebral implications. 
Not only parasitic and bacterial infections, but also 
some viral infections, can become more pathogenic or 
fatal due to TNF in circulation. For example, CD4* T 
cells latently infected by HIV can be stimulated to active 
viral replication by TNF. In children with HIV, elevated 
serum levels of TNF correlate with progressive 
encephalopathy (Mintz et al., 1989). However, it is still 
not clear whether increased TNF levels in the sera of HIV 
patients are directly involved in the pathology of HIV or 
are only observed in relation to opportunistic infections. 


9.4 (AUTO)IMMUNE RESPONSES, 
INFLAMMATION, AND OTHER 
PATHOPHYSIOLOGICAL 
PHENOMENA 


Graft-versus-host disease in an animal model can be 
prevented or diminished by anti-TNF therapy or by 
treatments preventing the synthesis of endogenous TNF 
(Piguet eż al., 1987). In a retrospective study, it was 
shown that bone marrow transplantation patients with 
elevated serum TNF often developed major 
complications (Hdller et æl., 1990). Renal allograft 
rejection has been correlated with raised TNE serum 
levels (Maury and Teppo, 1987). It may also be noted 
that immunosuppressive treatment with the monoclonal 
antibody OKT3, directed against activated T cells, has a 
toxic side-effect due to induction of TNE. This toxicity 
can be avoided by administration of drugs preventing 
endogenous TNF synthesis, such as steroids or 
pentoxifylline (Alegre et al., 1991). 

In a rat model for ischemia/reperfusion there was 
clear evidence for synthesis of TNF, which reached a peak 
level about 3 h post-reperfusion. (Kunkel et al., 1991), 
The pathology of the liver, and also of the lung, was 
considerably improved by treatment with anti-TNF 
antibodies. Furthermore, adult respiratory distress 
syndrome (ARDS) may be linked to an ischemic event 
and has been shown to correlate with increased TNE 
levels in the bronchoalveolar fluid (Grau, 1990). 

A TNF involvement is also suspected in a number of 
other autoimmune and inflammatory conditions. In the 
case of rheumatoid arthritis, TNF is often present at the 
site of inflammation (Saxne et al., 1988). Moreover, 


transgenic mice carrying a 3’-modified human TNF gene 
show disregulated patterns of human TNF gene 
expression and develop chronic inflammatory 
polyarthritis that can be completely suppressed by 
treatment with antibodies against human TNE (Keffer et 
al., 1991). It is quite possible that TNF plays a role in 
demyelination and oligodendrocyte toxicity in multiple 
sclerosis (Selmaj and Raine, 1988; Selmaj et al., 1991). 
Patients with active psoriasis often have increased TNE 
and IL-6 levels in the psoriatic plaques, and even in their 
plasma (Nickoloff et al., 1991). Furthermore, a role for 
endogenous TNF has been implicated in the 
development or exacerbation of psoriasis in manic- 
depressive patients who have been treated with lithium 
salts (Beyaert et al., 1992). 


9.5 HUMAN CANCER 


Many clinical trials have been initiated with TNE 
(reviewed in Jones and Selby, 1989; Alexander and 
Rosenberg, 1991; Taguchi and Sohmura, 1991). Short 
bolus infusions lead to transient peak levels of about 
10ng/ml, but the plasma levels drop to undetectable 
levels in less than 3 h, the half-life being 10-40 min. The 
maximally tolerated dose in humans has been reported to 
be 200-800 ug/m’. Fatigue, fever, chills, anorexia, 
headache, diarrhea, nausea, and vomiting were noted, 
but were not dose-related. The commoner, more serious, 
and more specific dose-limiting toxicities were hypo- 
tension, hepatotoxicity, and thrombocytopenia. Neither 
in phase I studies nor in limited phase IT studies was there 
more than a very occasional response to treatment with 
TNF as a single agent. Some promising clinical results 
were obtained in cases where direct intratumor therapy 
was tried. For a number of different carcinomas, a 
response rate (complete and partial remission combined) 
of 42% was obtained (Taguchi and Sohmura, 1991). In a 
study involving patients with refractory malignant ascites, 
INF was administered by intraperitoneal infusions; 22 
out of 29 patients responded with complete or 
considerable resolution of their ascites (Rath ef ie 
1991). In another phase I study of 15 patients with liver 
metastasis arising from colorectal, pancreatic, gastric, or 
hepatic cancers, including one case of undetermined 
origin, intratumor injection of TNE (100-300 ug) 
stopped tumor growth in all patients, with only mild 
toxicity (van der Schelling et al., T292 

The combination of different agents has been a 
cornerstone in the success of chemotherapy in the 
treatment of human malignancy. A similar philosophy is 
being applied to TNF and other biological agents. In 
preclinical studies, TNF has been combined with other 
cytokines and chemotherapeutic agents. Abbruzzese and 
colleagues (1990) reported a phase I study of 
intravenous TNF administration in combination with 


intramuscular IFN-y in patients with advanced 
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gastrointestinal malignancies. However, no objective 
responses were found in this study, although two patients 
had a minor response. Also, the maximally tolerated dose 
of TNF was reduced 2-fold to 5-fold by addition of 
IFN-y. In another phase I trial, sequential intravenous 
administration of IL-2 and TNF to 31 patients with 
different metastatic malignancies showed only two cases 
Of partial remission (Negrier et al., 1992). Cytotoxic 
drugs have shown synergistic activity with TNF in 
preclinical studies. As a result, clinical trials of TNF and 
etoposide, a topoisomerase H inhibitor, in patients with 
advanced malignancy are in progress. 

A different approach was followed in a very successful 
therapy of patients with metastatic melanoma or 
recurrent soft-tissue sarcoma based on the use of a triple 
combination of TNF, IFN-y, and the alkylating agent 
melphalan. This procedure involved isolation perfusion 
of a limb, and allowed the administration of high doses of 
TNE without systemic side-effects after administration in 
the general circulation (Eggermont et al., 1997). 
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in monkeys. Although viral interference was further 
1.1 OUTLINE OF DISCOVERY AND investigated in the 1940s and 1950s, the underlying 
CHARACTERIZATION OF mechanism was not discovered until 1957 when Isaacs 
INTEREERONS (IFN) and Lindemann, working at The National Institute for 


Medical Research (London, UK), isolated a biologically 
The phenomenon of viral interference was first active substance from virally-infected chicken cell 
described nearly 60 years ago when Hoskins (1935) cultures that, on transfer to fresh chicken cell cultures, 
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produced a protective antiviral effect (Isaacs and 
Lindemann, 1957). The word Interferon (IFN) was 
coined for this substance. Its discovery aroused 
considerable scientific and medical interest since by 
1957 antibiotics were widely available to control 
bacterial infections, but, in stark contrast, viral diseases 
such as influenza, measles, polio, and smallpox were 
virtually untreatable. Interest was further heightened by 
many subsequent studies that demonstrated that IFN 
could be produced by human cells and was active 
against a broad spectrum of viruses (see Schlesinger, 
1959, for an early review). 

At that time, IFN was being hailed by the media as a 
wonder drug, but it soon became clear that IFN was 
being produced naturally in too small quantities for that 
extravagant claim to be immediately confirmed. In fact, 
the low production of IFN was to bedevil attempts both 
to characterize it molecularly and evaluate it clinically for 
many years following its discovery. 

Although the protein nature of IFN was recognized 
at an early stage in its development (see Fantes, 1966, 
for an early review), it was only following the 
introduction of large-scale production methods in the 
1970s (Cantell and Hirvonen, 1977) and the 
simultaneous development of efficient purification 
procedures (Knight, 1976; Rubinstein et al., 1978) that 
sufficient amounts of partially pure IFN protein became 
available for characterization and clinical use. Gradually, 
it became apparent that IFN was not a single protein 
and that there were likely to be different types of IFN 
molecules. However, despite progress in the area of 
purification and in initial characterization by sequencing 
N-terminal polypeptides, IFN proteins all but defied 
full characterization until the advent of recombinant 
DNA (rDNA) technology in the late 1970s. This 
technology, spurred on by the pharmaceutical 
industry’s desire to produce pharmacologically active 
proteins cheaply, revealed that one type of human IFN, 
now designated IFN-a, was a mixture of several closely 
related proteins, termed subtypes, expressed from 
distinct chromosomal genes (Nagata et al., 1980). 
Second and third types of IFN, designated IFN-B and 
IFN-y respectively, have subsequently been “cloned” 
(Taniguchi et al., 1980; Gray et al., 1982) but, unlike 
IFN-a@, are single protein species. IFN-B is molecularly 
related to IFN-a subtypes but is antigenically distinct 
from them, whereas IFN-y is both molecularly and 
antigenically distinct from either IFN-o subtypes or 
IFN-B. (For this reason, IFN-y is considered separately 
elsewhere in this volume.) Finally, a fourth type of IFN, 
antigenically distinct from IFN-a and IEN-B, but 
molecularly related to both, has more recently been 
cloned and characterized. Rather untypically, this new 
IFN type has been designated IFN omega (IFN-@) 
(Adolf, 1987). 

The genes for IFN-a subtypes, IFN-B and IFN-@ are 
tandemly arranged on the short arm of chromosome 9. 


They are only transiently expressed following induction 
by a variety of exogenous stimuli, including viruses. 
IFN-a, IFN-B and IFN- proteins are synthesized from 
their respective mRNAs for relatively short periods 
following gene activation and are secreted to act, via 
specific cell surface receptors, on other cells. Early 
studies on the characterization of IFN receptors 
indicated that IFN-a and IFN-f were likely to share a 
common receptor, but it has only been comparatively 
recently that such receptors have been cloned (Uzé et 
al., 1990; Novick et al., 1994). 

IFN actions are initiated by activated receptors and 
cytoplasmic signal transduction pathways, which are now 
well characterized for the .IFN-o/B receptor, and 
manifested following expression of a number of IFN- 
specific inducible genes. Induction of the antiviral state, 
which is dependent on such protein synthesis, may now 
be viewed as just one of the many activities attributed to 
IFN in general; these activities include inhibition of cell 
proliferation and immunomodulation (see Pestka et al., 
1987, for a review). 


1.2 NOMENCLATURE 


In the 1960s, two types of IFN were defined on the basis 
of the capacity of their antiviral activity to withstand 
acidification to pH 2. These were termed type I IFN for 
acid-stable IFN and type II IFN for acid-labile LEN. Type 
I IFN included IFN produced by virally infected 
leukocytes, alternatively known as leukocyte IFN, and 
IFN produced by virally infected human diploid 
fibroblasts, alternatively known as fibroblast IEN. Type II 
IFN, which was only produced by antigenically or 
mitogenically stimulated human peripheral blood 
mononuclear cells (PBMC), has often been referred to as 
immune IFN (Stewart, 1979). 

Antigenic differences were described for leukocyte and 
fibroblast IFN and these were put on a molecular basis 
when knowledge of their respective N-terminal amino 
acid sequences became available (Allen and Fantes, 1980; 
Knight eż al., 1980; Levy et al., 1980; Zoon et al., 1980). 
At that time, an international nomenclature committee 
(Stewart et al., 1980) reviewed the growing evidence for 
the existence of distinct molecular forms of IFN and 
introduced the Greek alphabetical system to apply to the 
then known antigenically distinct types of IFN. 
Leukocyte IFN was designated IFN-g, fibroblast IFN 
was designated IFN-B, and immune IFN became 1FN-y. 
However, complications immediately arose when it was 
revealed, following the cloning of several different 
leukocyte IFN complementary DNAs (cDNAs) (Nagata 
et al, 1980; Brack et al., 1981; Goeddel et al., 1981; 
Streuli et æl, 1980), that leukocyte IFN was 
heterogeneous and contained many different, 
molecularly and antigenically related species, now 
commonly referred to as subtypes. The research group at 


Hoffmann-La Roche labeled the subtypes produced in E. 
colt QA, QB, aC, aD, etc. (Evinger et al., 1981; Rehberg 
et al, 1982), distinguishing them from natural 
components of leukocyte IFN (Rubinstein et al., 1981), 
while the Biogen group labeled these recombinant 
subtypes al, a2, a3, a4, etc. (Streuli et al, 1980), 
regrettably without an appropriate alphabetical- 
numerical correspondence: for examplegoAs= 02,0. Diy= 
a1. However, the numerical system now prevails. When 
an IFN preparation is a mixture of IFN-«@ subtypes, e.g., 
leukocyte IFN, lymphoblastoid IFN, this is often 
designated IFN-an. 

The later cloning of cDNAs encoding IFN-a-like 
proteins (Capon et al., 1985; Hauptmann and Swetly, 
1985) initially led to the naming of this new IFN as IFN- 
& subclass II, with all of the earlier-characterized IFN-o 
subtypes being reclassified as IFN-a subclass I. This 
large, unwieldy nomenclature system has been 
superseded by the renaming of IFN-o II as IFN-@; this 
has been generally accepted with the finding that IFN-@ 


is antigenically distinct from IFN-a and IFN-B proteins - 


and thus qualifies as a separate type of IFN (Adolf, 
1987). 

Fortunately, the nomenclature for IFN-B has remained 
straightforward since there is only one protein species, at 
least in humans (Derynck et al., 1980, 1981; Taniguchi 
et al., 1980). 

From the initial cloning of IFN-a cDNAs, there has 
been a plethora of reports on the cloning of new, and 
sometimes distinct, genomic and cDNA clones, and fairly 
disparate nomenclatures have arisen. Diaz and Allen 
(1993) therefore undertook the considerable task of 
compiling the IFN genes and genomic and cDNA clones 
from the literature and introduced an arabic-alphabetical 
system for naming IFN genes to enable their distinction 
from IFN proteins. Thus, IFN-a genes became IFNA 
genes with the addition of a numeral to denote subtype, 
i.e., IFNA1, IFNA2, etc. (Table 25.1). The IFN-B gene 
became IFNB and, since there is only one gene in 
humans, it is referred to as IFNB1. For IFN-@ genes, W 
has been used; hence IFNW1 (Table 25.1). Besides genes 
that are capable of being expressed and translated into 
IFN proteins, there are a number of pseudogenes which 
are unable to give rise to IFN proteins, and which in this 
new nomenclature system are designated by a P, e.g., 
IFNAP22, IFNWP2, or simply IFNP1 where 
pseudogenes are clearly IFN-like but cannot be definitely 
included in any one of the IFNA, IFNB or IFNW gene 
families (Table 25.1). 

The IFN genomic and cDNA clones have been 
designated in a variety of ways, as illustrated in Table 
25.1. Pseudogenic or non-translatable clones are 
normally prefixed with a Greek y. For the purposes of 
this chapter, and to reduce the complexity of naming 
IFN clones and proteins, the nomenclature system 
adopted by Weissmann and colleagues will be adhered to: 
DENO, 0, %,, Œs, etc. 
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2. IFEN Genes 


2.1 NUMBERS, STRUCTURE, AND 


LOCALIZATION 


In humans, there are 14 nonallelic IFNA genes, one of 
which, IFNAP22, is a pseudogene (Table 25.1). In 
addition, there are a further four nonallelic pseudogenes 
that possibly also belong to the IFNA gene family. Probable 
allelic variants of certain IFNA genes, e.g., IFNA2, are also 
known to exist (Streuli et al., 1980; Goeddel et al., 1981; 
Dworkin-Rastl et al., 1982; Emanuel and Pestka, 1993). 
This extensive family of IFNA genes are tandemly arranged 
on the short-arm of chromosome 9 (9p23) and span a 
region of approximately 400 kb (Owerbach et al., 1981; 
Shows et al., 1982; Slate et al., 1982; Ullrich et al., 1982). 
The IFNB gene and the IFNW gene/pseudogene family 
are also located in the same region of chromosome 9 
(Meager et al., 1979a,b; Owerbach et al., 1981; Henry et 
al., 1984; Capon etal., 1985). 

There is a high degree of homology among the IFNA 
genes, but these show much less homology to either 
IFNB or LFNW genes. Nevertheless, all of these IFN 
genes share the common feature of being intron-less 
(Taniguchi et al., 1980; Goeddel et al., 1981; Houghton 
et al, 1981; Capon et al, 1985), suggesting a very 
ancient origin of their common ancestral gene. It has 
been proposed that the primordial IFN gene arose some 
500 million years ago, with the first split occurring 
around 400 million years ago to yield the first IFNA and 
IFNB genes (Wilson et al., 1983). Since then the IFNA 
gene has evolved and duplicated many times to give rise 
to the multiple IFNA genes found in present-day animals 
and man (Mijata and Hayashida, 1982; Gillespie and 
Carter, 1983). Around 100 million years ago, an IFNA 
gene appears to have diverged sufficiently from the main 
group to give rise to the IFNW gene family, which is 
present in most mammals except mice and dogs 
(Himmler et al., 1987; Roberts et al., 1992). 

It is not clear what characteristic of IFNA and LFNW 
genes enabled the numerous reduplication events to 
occur in comparison to the nonexistent or more limited 
(some mammals have more than one 1FNB gene, e.g., 
bovines (Wilson et al., 1983)) reduplication of the IFNB 
gene (Ohlsson et al, 1985). It is apparent that gene 
conversion, as a result of mismatch repair and unequal 
crossover, contributed significantly to the creation of 
distinct, but highly homologous, nonallelic IFNA (and 
IFNW) genes (De Maeyer and De Macyer-Guignard, 
1988). In most cases, both coding and noncoding 
regions have diverged, but in the case of IFNA13 the 
coding region has remained identical to that of IFNA1, 
although its 5’ and 3’ flanking regions have diverged 
(Todokoro et al., 1984). 

The structures of IFNA, IFNB, and IFNW genes are 
similar. Each gene has a 5’ regulatory promoter region 
upstream from the transcriptional start (cap) site, a 
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Table 25.1 
IFN genes; Corresponding genomic 
new symbols clones (examples) 
IFN-o 

IFNA, IFN-o., 

IFNA, àa, IFN-A 

IFNA, IFN-o,,, IF N-o,, 

IFNA, IFN-a,, IFN-o,, 

IFNA, IFN-o,, LelF-K 

IFNA, IFN-o,, LelF-J 

IFNA, IFN-a,, IFNo,. 

IFNA,, wIFN-o,,, yLelF-L 

IFNA., IFN-o,, (similar to IFN-a.,) 

IFNA,, IFN-o,,, IFN-o, 

IFNA,, IFN-g, IFN-ony, 

IFNA,, IFN-o.,,, IFN-o, 

IFNA., IFN-o., 
IFNAP.,. wIFN-o,. 

IFN-B 
IFNB, IFN-B 
IFN-@ 

IFNW, IFN-o,, 
IFNWP,, WIFN-o,. 
IFNWP, WwIFN-o,,, 
IFNWP, WwIFN-o,,< 
IFNWP, WIFN-o41, 
IFNWP, . WwIFN-o,,, or 15 
IFNWP,, WIFN-o,,, or 18 
IFNWP,, wIFN-c,, 

IFN pseudogenes 
not included in & 
or œ gene families 

IFNP,, wIFN-o,, 

ENP 5 WwIFN-a,, 

IFNP.,, WIFN-o5, 

EINE. wIFN-«? (closely linked to IFNA1) 


Nomenclature of the human interferon genes and proteins 


Corresponding cDNA Corresponding 
clones (examples) proteins 
IFN-o,, LelF-D IFN-a, (D) 
IFN-œ, LelF-A IFN-œ, (A) 
= IFN-o, 
LelF-G IFN-c, (G) 
- IFN-a, (K) 
IFN-c,, IFN-o, (J1) 
LelF-B, IFN-B IFN-o, (B) 
LelF-C IFN-o,, (L) 
ze e IFN-o,, 
LelF-H T IFN-o,, (H1) 
IFN-aN (Gren) IFN-o,, (WA) 
IFN-,, IFN-og, IFN-o,, 
LelF-F IFN-c., (F) 
wLelF-E IFN-œ, (E) 
IFN-B IFN-B 
IFN-cll,, IFN-o IFN-@ 


_— — 


en — 


— _— 


— — 


Adapted and modified from Diaz and Allen (1993) and Allen and Diaz (1996), which see for specific references for genomic 
clones and cDNAs. Reproduced with permission of Mary Ann Liebert, Inc., New York, USA. 


coding region containing a nucleotide sequence 
encoding a signal polypeptide of 21-23 mainly 
hydrophobic amino acids, which is typical for secreted 
proteins, and consecutively the sequence encoding the 
mature IFN protein, followed by the 3’ flanking 
noncoding region, which can vary in length up to 450 
base pairs (bp) (Figure 25.1) (Derynck etal., 1980, 1981: 
Nagata et al., 1980; Streuli et al., 1980; Taniguchi et al., 
1980; Degrave et al., 1981; Goeddel et al., 1981; Gross et 
al., 1981; Lawn et al., 1981a,b; Gren et al., 1984; Capon 
et al., 1985; Henco et al., 1985). The 5’ flanking region 
contains a TATA or Hogness box, which delineates the 
boundary of the upstream promoter, approximately 30 
bp from the cap site. Farther upstream are found a 
number of hexameric repeat sequences GAAANN, where 
N can be any base, which in their dimeric or multimeric 
forms act as binding sites for nuclear transcription factors 
and repressor molecules (Fujita et æl., 1985; Ryals et al., 
1985). (This area is covered in more detail in Section Pads 


Inducers and Transcriptional Control). The 3’ flanking 
regions vary in length and contain several polyadenylation 
sites and thus can give rise to mRNAs of different lengths 
(Mantei and Weissmann, 1982; Henco et al., 1985). They 
contain above-average numbers of the sequence motifs 
ATTA or TTATTTAT. Such sequences are common, 
however, in many other cytokine genes and other genes, 
such as protooncogenes, that are inducibly and 
transiently expressed. It has been proposed that these 
sequences contribute to the relative instability and short 
half-lives of IFN and cytokine mRNAs (Caput et al., 
1986; Shaw and Kamen, 1986). 


2.2 INDUCERS AND TRANSCRIPTIONAL 
CONTROL 


All IFN genes are normally silent and thus require some 
sort of stimulus to induce expression. A wide range of 
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Figure 25.1 (a) Nucleotide sequence of the chromosomal IFN-c, coding segment and its flanking regions. The 
coding sequence including the signal sequence is highlighted. The TATA box in the 5’ flanking region is marked by 
asterisks. (b) A comparison of the promoter regions for IFN-c,, IFN-B, and IFN-w genes. The sequences upstream of 

the TATA box (underlined) of the IFN-c,, IFN-6, and IFN-@ promoters are aligned. The positions of GAAANN hexamers 
are indicated by hatched boxes. The regions of the IFN- promoter thought to be required for binding of transcription 
factors are indicated by named shaded boxes. 


inducers, including viruses, bacteria, mycoplasma, efficiently activate transcription of IFN genes (Stewart, 
endotoxins, double-stranded polynucleotides or RNA 1979; De Maeyer and De Maeyer-Guignard, 1988). 
(dsRNA), and some cytokines, have been shown to Such inducers have in general the potential to induce 
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expression of all IFNA, IFNB, and IFNW genes; 
however, there appears to be cell- and inducer-specific 
selectivity that governs the type and numbers of IFN 
genes expressed. For instance, virally induced human 
diploid fibroblasts produce mainly IFN-B and only a 
minor amount of IFN-a (Havell et al., 1978), whereas 
virally induced PBMC produce mainly IFN-a plus IFN- 
œ and only a minor amount of IFN-B (Cantell and 
Hirvonen, 1977; Adolf et al., 1990). This has to some 
extent been confirmed at the mRNA level (Shuttleworth 
et al., 1983; Hiscott et al., 1984). Differences have also 
been reported in the proportions of individual IFN-o 
subtypes produced by different cell types (Goren et al., 
1986; Finter, 1991; Greenway et al., 1992), suggesting 
that IFNA genes may be differentially expressed. 
However, the way in which such differential expression is 
regulated is presently not understood. 

Transcriptional control of IFNA genes resides in their 
5 flanking region, upstream from the cap site. 
Nucleotide deletions outside of position -117 from the 
cap site have little impact on transcriptional control, but 
deletions farther in eliminated induction, indicating that 
this region, -117 to -1, contained promoter regulatory 
elements (Ragg and Weissmann, 1983; Weidle and 
Weissmann, 1983). These have been further delineated 
as a purine-rich nucleotide tract between -109 and —64, 
containing hexameric repeats of GAAANN (GAAA G/C 
T/C), which appears to be necessary for inducible 
transcription and which has been termed the “virus- 
regulating element” (VRE) (Ryals et al., 1985). 

Similar studies involving 5’ deletions have been carried 
out with the IFNB gene, and it has been found that 5’ 
sequences within -110 to -1 contain regulatory elements 
that are required for induction by viruses and dsRNA. 
The minimum VRE has been localized to -74 to —37 
with respect to the cap site (Goodbourn et al., 1986; 
Goodbourn and Maniatis, 1988) and contains two 
positive virus-inducible elements, termed positive 
regulatory domains (PRDI, -77 to -64; PRDII, -66 to 
-55), and a negative regulatory domain (NRD, -57 to 
—37) (Figure 25.1) (Fujita et al., 1985; Fan and Maniatis, 
1989; Whittemore and Maniatis, 1990; Nourbakhsh et 
al, 1993). In addition, the hexameric repeat sequences 
GAAANN (also present in IFNA genes) spanning from 
-110 to —65 contain variants of the PRDI sequence and 
two further regulatory elements, PRDIII (-90 to =78) 
and PRDIV (—104 to —-91) have been identified that are 
required for a functional VRE in IFNB gene expression 
in mouse L cells (Dinter and Hauser, 1987; Du and 
Maniatis, 1992). PRDI and PRDIII act as binding sites 
for a nuclear transcription factor, designated “interferon 
regulatory factor-I” (IRF-1) (Miyamoto et al., 1988), 
whose expression is transiently increased by virus 
infection and which appears to mediate the activation of 
transcription of the IFNB gene (Fujita et al, 1988; 
Harada et al., 1989; Xanthoudakis et al., 1989). A second 
virus-inducible factor, designated “interferon regulatory 


factor-2” (IRF-2), also binds to PRDI but suppresses, 
rather than activates, transcription (Harada et al., 1989, 
1990). PRDII is a binding site for the nuclear 
transcription factor NF«B (Clark and Hay, 1989; Fujita 
et al., 1989a; Hiscott et al., 1989; Lenardo et al., 1989; 
Visvanathan and Goodbourn, 1989), which interacts 
with the major groove of the DNA (Thanos and 
Maniatis, 1992). Additionally, another protein, high- 
mobility group Y/1, also binds to PRDII, interacting 
with the minor groove of the DNA (Thanos and 
Maniatis, 1992). Both factors appear to be necessary for 
virus induction of the IFNB gene promoter. PRDIV 
contains a binding site for a protein of the cAMP 
response element binding protein (ATF/CREB) family 
of transcription factors (Du and Maniatis, 1992). 

Viral induction of the IFNB gene is thought to occur 
following activation of pre-existing NF«B and by de novo 
synthesis of IRF-1; these nuclear transcription factors 
bind to the tandemly arranged PRDI and PRDII and act 
cooperatively to initiate/activate transcription (Leblanc 
et al, 1990; Lenardo et al, 1989; Visvanathan and 
Goodbourn, 1989; Fujita et al., 1989b; Watanabe et ae 
1991). Reporter constructs containing PRDI supported 
by a simian virus 40 (SV40) enhancer, or (GAAAGT),, 
Which contains the functional equivalent of dimeric 
PRDI (Naf et al., 1991) are activated not only by virus 
but also by overexpression of IRF-1 (Naf et al., 1991; 
MacDonald et al., 1990). However, in most cell lines, 
overexpression of IRF-I has led to poor induction of 
IFNB (and IFNA) genes (Harada et al., 1990: Fujita et 
al., 1989b) or none at all (MacDonald et al., 1990; Reis 
et al., 1992). This has been attributed to the repressive 
effect of IRF-2, a homologue of IRF-1, which also binds 
to PRDI (Harada et al., 1989). In the undifferentiated 
murine embryonal carcinoma (stem) cell line P19, which 
is refractory to viral induction of ENB (and IFNA) genes 
and which expresses neither 1RF-l nor IRF-2, 
overexpression of an introduced IRF-1 construct leads to 
activation of endogenous IFN genes and to activation of 
reporter plasmids with the IFNB promoter (Harada et 
al, 1990). In addition, cell lines permanently 
transformed with an antisense IRF-1 expression plasmid 
exhibited strongly reduced IFNB gene inducibility that 
nevertheless could be restored by transient 
transformation with an IRF-1-overproducing expression 
plasmid (Reis et al., 1992). However, the role of IRF-1 in 
virus-induced activation of the IFNB promoter remains 
controversial (Whiteside et al., 1992; Pine et al., 1990) 
and Ruffner and colleagues (1993) have shown that in 
murine embryonal stem cells devoid of both IRE-] gene 
alleles (IRF-1 °/,) viral induction of IENB was only 
slightly higher in control IRF-1 °/, differentiated stem 
cells than that in IRF-1 °/, differentiated cells. This 
suggests that while IRF-1 at high levels may elicit or 
enhance induction of IFNB under certain circumstances, 
it is not essential for viral induction. In cultured mouse 
fibroblasts devoid of IRF-1, IFNB induction by the 


synthetic dsRNA molecule poly(I):poly(C) was absent, 
whereas induction by Newcastle disease virus (NDV) was 
normal (Matsuyama et al, 1993). However, IFN 
induction ¿n vytvo by either virus or dsRNA has been 
found to be unimpaired in IRF-1 °/, mice, indicating 
that IRF-1 is not essential (Reis et al., 1994). It has also 
become clear recently that the PRDI site can bind factors 
other than IRF-1 and IRF-2, and these may be more 
important for regulating IFNB gene activation 
(Whiteside et al., 1992; Keller and Maniatis, 1991). 

In contrast, targeted disruption of the IRF-2 gene to 
yield mouse fibroblasts deficient in the repressor IRF-2 
has been found to lead to upregulated induction of IFNB 
following NDV infection (Matsuyama et al., 1993). This 
suggests that IRF-2 negatively regulates or represses 
IFNB gene induction. 

The induction of the IFNA] gene appears to be 
regulated differently from that of the IFNB gene. IRF-1 
is bound poorly by the equivalent PRDI site in the 
IFNA1 promoter and this promoter also lacks an NF«B 
site (Figure 25.1) (Miyamoto et al., 1988; MacDonald et 
al, 1990). The IFNA] gene VRE does contain a 
hexameric repeat nucleotide sequence (GAAATG),, 
designated a “TG-sequence” (MacDonald et al., 1990), 
which appears to mediate virus inducibility when 
supported by an SV40 enhancer, but which does not 
respond to IRF-1 (Naf et al., 1991). It has, however, 
been reported that overexpression of IRF-1 can induce 
IFNA genes, at least under special circumstances (Harada 
et al., 1990; Au et al., 1992). 

The IFNW gene, like IFNA and IFNB genes, is virus 
inducible and has structural features in its 5° promoter 
region similar to those in IFNA/B promoters (Figure 
25.1). In particular, hexameric repeat units are present, 
but are organized differently from those present in 
IFNA/B genes (Hansen et al, 1991; Roberts et al., 
1992). However, the regulation of transcription of the 
IFNW gene has not been studied in detail. 


3. IFN Proteins 


3.1 STRUCTURAL FEATURES 


3.1.1 IFN-a Subtypes 


The 14 IFN-a subtypes are secreted proteins and as such 
are transcribed from mRNAs as precursor proteins, pre- 
IFN-«, containing N-terminal signal polypeptides of 23 
mainly hydrophobic amino acids (Figure 25.2). The 
signal polypeptide is cleaved off before “mature” IFN-o 
molecules are secreted from the cell. From their cDNA 
sequences, mature IFN-a subtypes have been predicted 
to contain 166 amino acids (except IFN-a,, 165 amino 
acids) (Mantei et al., 1980; Nagata et al., 1980; Streuli et 
al., 1980; Goeddel et al., 1981; Lawn et al., 1981a,b; 
Gren et al., 1984). The calculated molecular mass of 
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recombinant IFN-g subtypes is approximately 18.5 kDa, 
although apparent molecular masses of leukocyte-derived 
IFN-a subtypes in sodium dodecyl sulphate 
(SDS)-polyacrylamide gels vary between 17 and 26 kDa, 
possibly owing to variable processing of C-terminal 
amino acids (Levy et al, 1981) and post-translational 
modifications. The amino acid sequences of IFN-o 
subtypes are highly related, with complete identity at 85 
of the 166 amino acid positions (Langer and Pestka, 
1985; De Maeyer and De Maeyer-Guignard, 1988). This 
is illustrated in Figure 25.2, where the amino acid 
sequences of the subtypes are compared to an idealized 
consensus sequence. Many of the positions where amino 
acids differ from subtype to subtype are conservative 
substitutions. Interestingly, IFN-a subtypes contain four 
cysteine residues whose positions (1, 29, 99, and 139) are 
highly conserved (Figure 25.2). These four cysteines 
form disulfide bridges (1-99, 29-139) which induce 
folding of the IFN-a molecule (Figure 25.3) and whose 
integrity is essential for biological activity (Morehead et 
al., 1984). IFN-a subtypes are predicted to contain a 
high proportion (~60%) of o-helical regions and are 
folded to form globular proteins (Zoon and Wetzel, 
1984). It has not yet proved possible to apply x-ray 
crystallographic techniques to IFN-a subtypes, or to 
human IFN-B, but the three-dimensional crystal 
structure of recombinant mouse IFN-8, which is 
approximately 60% related in amino acid sequences to its 
human counterpart, has been solved (Senda et al., 1992). 
This has revealed that mouse IFN-B has a structure which 
consists of five a-helices folded into a compact a-helical 
bundle (Figure 25.4). From comparative sequence 
analysis it is predicted that in all mammalian IFN-« and 
IFN-6 proteins these five o-helical domains are conserved 
(Korn et al., 1994; Horisberger and Di Marco, 1995) and 
thus show similarities with many other cytokines, which 
also have o-helical bundle structures (Bazan, 1990). 

With one exception, IFN-a subtypes do not contain 
recognition sites (Asn-X-Ser/Thr) for N-linked 
glycosylation (Henco et al, 1985); only IFN-a, 
contains two of these sites (Figure 25.2). Nevertheless, 
O-linked glycosylation may be possible in other IFN-o 
subtypes. For example, it has been found that natural 
IFN-a,, purified from human leukocyte IFN, contains 
the disaccharide galactosyl- N-acetylgalactosamine in O- 
linkage to Thr-106 (Adolf et al., 1991a). However, since 
IFN-a, is the only IFN-a@ subtype with a theonine at 
position 106, it may represent the only O-glycosylated 
IFN-o@ protein (Figure 25.2). (N.B. Recombinant IFN-o 
subtypes produced by E. coli are nonglycosylated since 
bacteria lack the biosynthetic machinery to add sugar 
residues to polypeptides; all recombinant IFN-a, 
products used clinically are nonglycosylated. ) 


3.1.2 IFN-B 


Pre-IFN-B contains 187 amino acids, of which 2] 
comprise the N-terminal signal polypeptide and 166 
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Figure 25.2 Amino acid sequence comparison of human IFN-o subtypes, IFN-B, and IFN-o. All sequences are 
shown in comparison to an IFN-œ consensus subtype sequence obtained by computer analysis of IFN-o subtype 
sequences. Signal sequences are marked S. Sites of N-linked glycosylation are underlined. 


comprise the mature 1FN-B protein (Derynck et al., 
1980, 1981; Taniguchi et al, 1980: Houghton et al., 
1981). Although IFN-B is the same length as the 
majority of IFN-o subtypes, it shows only approximately 
30% amino acid sequence relatedness with them (Figure 
25.2) and is antigenically distinct. The IFN-B protein 
lacks the N-terminal Cys-1 residue present in IFN-o, 
subtypes, but contains three other cysteines at positions 
17, 31, and 141, the latter two corresponding to the 


disulfide bond pairing 29-139 in IFN-g subtypes. 
Replacement of Cys-17 by serine does not result in any 
loss of biological activity, whereas serine substitution of 
Cys-141 does (Mark et al., 1981; Shepard et al., 1981). 
As mentioned previously, on the basis of the three- 
dimensional structure of recombinant mouse 1FN-B 
(Figure 25.4), human IFN-B is predicted to contain five 
a-helices and to fold up into an a-helical bundle 
structure (Senda et al., 1992). 
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Figure 25.3 Consensus amino acid sequence of human IFN-o. Residues in squares are common to all known 
IFN-œ subtypes. 


Human IFN-B has one potential N-glycosylation site 
at Asn-80 (Taniguchi et al, 1980) and N-linked 
oligosaccharides, primarily of the biantennary complex- 
type, are known to be attached to this site in natural IFN- 
B (Hosoi et al, 1988). However, these may vary 
considerably depending on the producer cell type 
(Utsumi e¢ a/., 1989). 


3.1.3 IFN-o 


From cDNA sequence data, it was predicted that pre- 
IFN-@ contains 195 amino acids, the N-terminal 23 
comprising the signal sequence and the remaining 172 
the mature IFN-@ protein (Capon et al, 1985; 
Hauptmann and Swetly, 1985). The amino acid sequence 
of IFN-@ is therefore six residues longer at the C- 
terminus than IFN-o or IFN-ß proteins. However, it has 
been found that natural IFN-w is heterogeneous at the 
N-terminus owing to variable cleavage of pre-IFN-o; 
about 60% of mature IFN-@ molecules carry two 
additional N-terminal amino acids (Adolf, 1990; Shirono 
et al., 1990). It is approximately 60% related to IFN-o 
subtype sequences, but only 30% related to that of 
IFN-B (Figure 25.2), and is antigenically distinct from 
both IFN-g and IEN-B (Adolf, 1990). Nevertheless, the 
four cysteines occur in the same notional positions, 1,29, 


99, and 139, as they do in IFN-a@ subtypes and it is likely 
that IFN-@ will have a similar o-helical bundle structure 
to those predicted for both IFN-« and IFN-f proteins 
(Senda et al, 1992). IFN-@ has one potential site at 
Asn-78 for N-linked glycosylation and natural IFN-@ 
has been demonstrated to be a glycoprotein with 
biantennary complex oligosaccharides (containing 
neuraminic acid) attached at this site (Adolf, 1990; Adolf 
etal L99TD): 


4. Cellular Sources and Production 


Type I IFNs (IFN-a, -B, and -@) are produced by a 
variety of normal cell types responding to extracellular or 
intracellular stimuli (Stewart, 1979). IFN-a, as a mixture 
of subtypes, and IFN-w may be produced together 
following viral infection of null lymphocytes or 
monocytes/macrophages (Cantell and Hirvonen, 1977; 
Adolf, 1990). The proportions of IFN-a subtypes may 
vary according to the type of virus used as inducer 
(Hiscott, 1984; Finter, 1991). However, production of 
IFN-B is usually restricted to double-stranded 
polynucleotide, e.g., poly-inosinic, poly-cytidylic acid, or 
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Figure 25.4 Ribbon drawing of the Co structure of 
mIFN-B (Senda et al., 1992). The view is perpendicular to 
the helical axes. Helices A, B, C, D, and E, as well as 
NH,- and COOH-termini, are labeled. The arrows indicate 
the direction of the helices. (Reprinted with permission 
of Horisberger and Di Marco (1995) Pharmac. Ther. 66, 
535. Copyright Elsevier Science Ltd., Amsterdam, The 
Netherlands.) 


virally-induced normal fibroblasts and other tissue cell 
types, e.g., epithelial cells (Meager et al., 1979; Stewart, 
1979). In all the above cases, the amount of IFN secreted 
is dependent on the dose of the inducer. 

Besides normal cells, a range of transformed and 
tumor-derived cell lines are known IFN producers, e. g., 
MG63 human osteosarcoma cell line (Meager et al., 
1982), and the Namalwa B-lymphoblastoid cell line 
(Phillips et al, 1986). Generally speaking, adherent 
fibroblastic cell lines produce mainly IFN-B and only a 
minor quantity of IFN-o (Havell et al, 1978), whereas 
nonadherent myeloid or lymphoid cell lines produce 
mainly IFN-o and only a small amount of IFN-B (Cantell 
and Hirvonen, 1977; Shuttleworth et al., 1983; Zoon et 
al 1992); 

Actual production of IFNs lasts only a matter of a 
few hours following induction. This is due to IEN 
mRNA instability and the rapid shut-off of JEN gene 
transcription (Caput et al, 1986; Shaw and Kamen, 
1986). Under conditions where IIN mRNA stability is 
increased, e.g., by blocking protein and RNA synthesis 
following induction, IFN production has been shown 
to be “superinduced” once the block on protein 
synthesis is removed (Meager et al, 1979; Stewart, 
1979). 


5. Biological Activities Associated with 
IFN-0/8/o 


It is well established that the biological activities of IFNs 
are mostly dependent upon protein synthesis with 
selective subsets of proteins mediating individual 
activities. Antiviral, antiproliferative and immuno- 
modulatory activities have been ascribed to IFN-a/B/@ 
(reviewed in Pestka et al, 1987; De Maeyer and De 
Maeyer-Guignard, 1988). The proteins and mechanisms 
involved in these activities are described below. 


» 


5.1 ANTIVIRAL ACTIVITY 


5.1.1 Molecular Mechanisms 


Despite there being vast numbers of viruses with 
different replication strategies, it appears that many 
viruses can be countered by relatively few IFN-inducible 
“antiviral” proteins (Samuel, 1987). One of the best- 
characterized of these is a family of enzymes collectively 
known as “2-5A synthetase” which, in the presence of 
dsRNA (often an intermediate of viral RNA synthesis) 
catalyses the formation of an unusual oligonucleotide, 
ppp (A2’p) nA (2-5A), which in turn activates an JEN- 
induced latent endonuclease, RNase L (Williams and 
Kerr, 1978; Wreschner et al., 1981; Ghosh et al., 1991F 
Hovanessian, 1991; Lengyel, 1982; Zhou et ai O9 
When activated, the RNase L degrades viral (and cellular 
mRNA) and therefore inhibits viral protein synthesis. 
Small RNA viruses (picornaviridae), e.g., Mengo virus 
and murine encephalomyocarditis virus (EMCV), whose 
replication is cytoplasmic are most inhibited by the 
induction of 2-5A synthetase (Lengyel, 1982; Rice et al., 
1985; Chebath et al, 1987; Kumar et Al. 19838) TA 


_ further important 1FN-induced “antiviral” protein is a 


dsRNA-dependent protein kinase, now designated PKR, 
which in the active form phosphorylates the peptide 
initiation factor, eIF2, involved in polyribosomal 
translation of mRNA (Miyamoto and Samuel, 1980; 
Gupta et al., 1982; Samuel, 1987). Phosphorylated eIF2 
is inactive and thus viral protein synthesis is inhibited. 
This inhibition has been associated with the loss of 
replicating capacity of reoviruses and rhabdoviruses such 
as vesicular stomatitis virus (VSV). 

The 2-5A synthetase and PKR antiviral mechanisms 
are rather general and potentially could affect a wide 
range of viruses. However, IFN can induce certain 
proteins that inhibit specifically one class of virus. For 
example, the IFN-inducible Mx proteins block the 
replication of influenza virus, probably by inhibiting the 
nuclear phase of viral transcription (mouse cells) or later 
cytoplasmic phases (human cells), without affecting the 
replication of many other viruses (Staeheli, 1990; Melén 
et al., 1992; Ronni et al., 1993). 

In addition, since IFNs can impair various steps of viral 
replication, including penetration, uncoating and 


assembly of progeny virions as well as transcription and 
translation, there are likely to be several other antiviral 
_ proteins and mechanisms (De Maeyer and De 
Maeyer-Guignard, 1988). For instance, some viruses, 
e.g., herpes virus and certain retroviruses, appear to be 
inhibited at the relatively late stage of virus particle 
maturation and budding (Aboud and Hassan, 1983). 


AL Defense Mechanisms of Viruses 


In the course of evolution, many viruses have developed 
countermechanisms by which they can disrupt the 
antiviral mechanisms induced by IFN. Such 
countermechanisms often point to the significance of 
particular “antiviral” proteins. One of the main “targets” 
for several different viruses is the IFN-inducible PKR. 
The action of this kinase is overcome in adenovirus or 
Epstein-Barr virus (a member of the herpes virus family) 
by the production of small viral RNA molecules, VAI- 
and EBER-RNAs, respectively, which bind to PKR and 
block its activation by dsRNA (Clarke et al; 1991; 
Ghadge et al, 1991; Mathews and Shenk, 1991). 
Reoviruses and vaccinia virus (a member of the pox virus 
family) produce viral proteins (sigma3 and SKI, 
respectively), that bind to dsRNA and thus reduce 
acevation of PKR (Sen and Lengyel, 1992). 
Interestingly, if IFN-treated VSV-infected cells are co- 
infected by vaccinia virus, VSV replication is rescued, 
presumably partly by the inhibitory effect of SKI on PKR 
(Whitaker-Dowling and Youngner, 1983). Vaccinia virus 
also produces a nonfunctional protein analog of eIF2 
which competes with the real elF2 for phosphorylation 
by PKR and thus dilutes out the antiviral effect of 
activated PKR (Beattie et al., 1991). Other viruses, such 
as influenza, may activate latent cellular inhibitors of PKR 
activity, e.g.,a 58 kDa protein (p58) (Lee et al., 1992). 

The 2-5A synthetase-RNase L system can also be 
subverted. For example, EMCV, a picornavirus, can 
inactivate RNase L in several cell lines, but this 
inactivation is usually blocked by IFN treatment 
(Lengyel, 1982). Herpes viruses, in contrast, appear to 
inhibit RNase L activation by producing competing 
analogs of 2-5A (Cayley et al., 1984). 

Some viruses even .have the ability to block the 
transcription of IFN-inducible genes. The “early” Ela 
regulatory proteins of adenoviruses prevent the activation 
of ISGE3 by LEN, probably by inhibiting the transcription 
of the ISGF3y subunit (Ackrill et al., 1991; Gutch and 
Reich, 1991; Kalvakolanu et al., 1991; Nevins, 1991). In 
the case of hepatitis B virus-infected cells, the so-called 
virus-specified “terminal protein” inhibits IFN-inducible 
gene expression (Foster et al., 1991). 


5.2 ANTIPROLIFERATIVE ACTIVITY 


The antiviral mechanisms induced by IFN are mediated 
by enzymes, e.g., 2-5A synthetase and PKR, whose 
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activities have broad implications for cell growth and 
proliferation. Viral replication may be regarded as a form 
of pathological growth of a foreign, “cell-like”, entity at 
the expense of a living cell. In the presence of IFN, 
enzymes are activated which curtail protein synthesis in 
general, but because viral protein synthesis is normally 
rapid, the inhibitory effect on viral replication appears 
more dramatic than on the slower and more complex 
cellular growth. Possibly, the “LFN system” was evolved 
more as a part of a complex, interactive network of 
intercellular mediators of cell growth and proliferation 
than as one for antiviral mechanisms. Recent 
investigations tend to support the role of IFNs in 
regulating cell growth. For example, if a mutant form of 
PKR that is unable to phosphorylate eIF2 is introduced 
into cells, they undergo neoplastic transformation 
(Koromilas et al., 1992; Lengyel, 1993; Meurs et al., 
1993). This suggests that PKR normally acts as a “tumor- 
suppressor” gene product. Therefore, one of the 
mechanisms by which IFN inhibits cell proliferation 
could be through its capacity to induce enhanced 
expression /activity of PKR. IFN-a has also been 
reported to inhibit cyclin-dependent CDK-2 kinase, 
which is responsible for phosphorylation of 
retinoblastoma (RB) protein, and this could contribute 
to antiproliferative activity (Kumar and Atlas, 1992; 
Resnitzky et al., 1992; Zhang and Kumar, 1994). 

The 2-5A synthetase-RNase L system may also have 
antiproliferative and tumor suppressor activities. For 
instance, the levels of these two enzymes are high in 
growth-arrested cells: introduction of 2-5A-like 
oligoadenylates into proliferating cells also causes growth 
impairment (Sen and Lengyel, 1992; Lengyel, 1993; 
Zhou et al., 1993). 

The IFN-stimulated increases in synthesis of PKR and 
2-5A synthetase are dependent on IFN-inducible 
transcription factors, such as IRF-1 (ISGF2) (Miyamoto 
et al., 1988; Pine et al., 1990; Williams, 1991; Reis et al., 
1992). The latter has a short half-life and thus 
transcription of IFN-inducible genes is rapidly repressed 
by the longer-lasting, inhibitory IRF-2 (Harada et al., 
1989). If IRF-2 is overexpressed, cells become 
transformed as even low level constitutive production of 
PKR and 2-5A synthetase, which can regulate normal cell 
growth, is abrogated. This transformation was reversed 
by overexpressing IRF-] (Harada et al. 1993), 
indicating that IRF-1 can be viewed as a pivotal player in 
the growth, regulatory, and tumor suppressor machinery. 
A variety of other IFN-induced mechanisms, including 
suppression of oncogenes (Contente et æl, 1990), 
depletion of essential metabolites (Sekar et al., 1983), 
and increased cell rigidity (E. Wang et al., 1981), could 
also contribute to its antiproliferative activity. 

The antiproliferative effects of [FNs in different tumor 
cell lines cultured im vitro is highly variable. Besides 
tumor cell lines, IFN-&œ/ß have antiproliferative activity 
in hematopoietic precursor cells, e.g., of the myeloid 
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lineage (Rigby et al, 1985; De Maeyer and De 
Maeyer-Guignard, 1988, for review). They are also 
potent inhibitors of angiogenesis, the process whereby 
blood capillaries are formed to envasculate tissues (Sidky 
and Borden, 1987). 


5.3 IMMUNOREGULATORY ACTIVITY 


Besides activating intracellular processes, 1FNs can also 
activate intercellular activities, especially within the 
immune system, which are an essential part of host 
defense against infectious and invasive diseases. Thus, 
IFNs can stimulate indirect antiviral and antitumor 
mechanisms, which in the main rest upon cellular 
differentiation and the induction of cytotoxic activity. 
For example, in the presence of antigen-specific 
antibodies, macrophages can effect cell-mediated 
cytotoxicity. Such antibody-dependent cell-mediated 
cytotoxicity (ADCC) is enhanced by 1FN, possibly 
through an augmentation of immunoglobulin G (1gG)- 
Fc receptor (FcR) expression (Hokland and Berg, 1981; 
Vogel et al., 1983; De Maeyer and De Maeyer-Guignard, 
1988). In addition, another category of leukocytes 
comprising large granular lymphocytes and known as 
natural killer (NK) cells are activated, by unknown 
mechanisms, to kill virally-infected or tumor cell targets 
independently of major histocompatibility complex 
(MHC) antigen expression (Trinchieri and Perussia, 
1984; Rager-Zisman and Bloom, 1985; De Maeyer and 
De Maeyer-Guignard, 1988). 

IFNs can stimulate increased expression of class I 
MHC antigens, i.e., HLA-A, -B, -C, which are crucial for 
recognition of foreign antigen by cytotoxic T 
lymphocytes (CTL, CD8*); recognition of virally 
infected cells by CTL depends on class I MHC antigen 
presentation of viral antigens at the cell membrane 
(Heron et al., 1978; Fellous et al., 1979). IFN-a&/B have 
sometimes been observed to increase class II MHC 
antigen expression, which is necessary to trigger both 
humoral and cell-mediated immunity, but probably play 
a lesser role than IFN-y, which is the major class 1I MHC 
antigen inducer (Baldini et al, 1986; Rhodes et al., 
1986; De Maeyer and De Macyer-Guignard, 1988). 


5.4 BIOLOGICAL ACTIVITIES IN VIVO 


All of the biological activities so far described (see above) 
for IFNs have followed from i” vitro experimentation. 
Here it is possible to pick and choose conditions that 
favor particular outcomes, e.g., the antiviral response, by 
adjusting doses of 1FN, times of incubation, levels of 
virus challenge, and so on. Such experiments illustrate 
the range of biological activities of IFNs but cannot 
define their physiological roles. That IFNs have the 
potential for inducing antiviral and antitumor activity 
suggests their main role 77 vzvo is to act as regulators of 


host defense mechanisms, and to prevent patho- 
physiological events occurring. Investigations in 
experimental animals have supported this likelihood. For 
example, injection of mice with anti-1FN-o/B antibody 
has been shown to increase their susceptibility to a range 
of virus infections (Virelizier and Gresser, 1978; Gresser, 
1984). The earliest evidence for an antitumor effect of 
1FN-&/ßB came from inoculation of murine L1210 cells 
into mice. L1210 cells are sensitive to the 
antiproliferative action of IFN-a/B in vitro and in vivo, 
IFNa/B prevented tumor growth by these cells. 
However, when a clone of L1210 was isolated that was 
resistant to the antiproliferative action of IFN-a/B, there 
occurred a similar retardation of tumor growth upon 
1FN-o&/B treatment to that observed with “sensitive” 
L1210 cells, suggesting that [FN was acting indirectly zm 
vive by a host-mediated mechanism (Gresser et al., 1970, 
1972). A similar conclusion was reached more recently 
using 1FN-resistant B-cell lymphoma cells (Reid et al., 
1989). In the intervening years, many studies have been 
conducted confirming that IFN can act directly (e.g., 
human IFN-a@, against a range of human tumor 
xenografts in nude mice where human IFN-q@, has no 
activity on the murine immune system) and indirectly 
(reviewed by Balkwill, 1989). Although antitumor 
activity has been clearly demonstrated by the application 
of exogenous IFNs, it is not certain that endogenously 
produced IFNs are involved in countering tumor 
growth. However, some experimental evidence that 
endogenous 1FN could play a role in host resistance to 
cancer or its spread has been obtained by treating mice 
with anti-IFN antibodies. Under these conditions, the 
intraperitoneal transplantability of six different 
experimental murine tumors was observed (Gresser, 
1984). 

IFN-o&/B can inhibit the growth of hematopoietic 
progenitor cells 7m vitro (Rigby et al., 1985) and this is 
also likely to occur i” vivo. Such an occurrence is 
undesirable in most instances, but suppression of 
proliferation of bone marrow hematopoietic cell 
precursors has been turned to advantage in protecting 
tumor-bearing mice against the cytotoxicity of 
chemotherapeutic agents such as 5-fluorouracil (5-FU) 
(Stolfi et al., 1983). 


0. Receptors 


6.1 CHARACTERIZATION 
6.1.1 General Features 


IFNs exercise their actions in cells via IFN-specific cell 
surface receptors. These receptors bind 1FNs with high 
affinity (Aguet, 1980) and transduce the signal 
occasioned by ligand (IFN) binding across the cell 
membrane into the cytoplasm. IFN-a, 1FN-ß and 1FN- 


w share the same binding sites (Aguet et al., 1984; Flores 
et al., 1991), but IFN-y binds to different sites (Branca 
and Baglioni, 1981; Aguet et al., 1988). The binding of 
IFN-a and IFN-B to lymphoid cells and fibroblasts has 
been studied extensively and has been reviewed 
(Rubinstein and Orchansky, 1986; Branca, 1988; Langer 
and Pestka, 1988; Grossberg et al., 1989), and results 
«have generally demonstrated the presence of up to a few 
thousand complex, high-affinity receptors per cell. 
Chemical cross-linking studies with ‘I-labeled IFN-o 
or IFN-B to receptor-bearing cells have led to the 
identification of various [FN-receptor complexes, their 
molecular masses ranging from 80 to 300 kDa (Joshi et 
al., 1982; Eid and Mogensen, 1983; Faltynek et æl., 
1983; Raziuddin and Gupta, 1985; Thompson et al., 
1985; Hannigan et al, 1986; Vanden Broecke and 
Pfeffer, 1988; Colamonici et al., 1992). Such results 
have suggested that there are either multiple binding 
sites for IFN-a, IFN-B, and IFN-@ or that there are 
complex multichain receptors (Colamonici et al., 1992; 
Piet al., 1993). 

Although on human cells all the IFN-a, IFN-B, and 
IFN-@ proteins compete for common binding sites, 
individual IFN-a subtypes show different levels of 
activities on cells (Streuli et al., 1981; Weck et al., 1981; 
Rehberg et al., 1982) which appear to correlate with 
their binding behavior to the cell surface (Uzé et al., 
1985). In particular, IFN-a, shows a much lower 
binding for human membrane receptors than either 
‘IFN-a, or IFN-a, (Uzé et al., 1988). Interestingly, this 
differential binding of human IFN-a subtypes is not 
manifested in bovine cells, and all of the subtypes exhibit 
high specific activities (Yonehara et al., 1983; Shafferman 
et al., 1987). IFN-B and IFN-q are also active in bovine 
cells (Capon et al., 1985; Adolf et al, 1990), but this 
cross-reactivity does not extend to mouse cells, a feature 
that has provided experimental systems in which to 
characterize IFN-receptors. Thus, somatic cell genetic 
studies with human x rodent hybrid cells containing 
various combinations of human chromosomes have 
provided evidence that the presence of human 
chromosome 2] confers sensitivity of such hybrid 
“rodent” cells to human IFN-a, IFN-B and IFN-o (‘Tan 
et al, 1973; Slate et al., 1978; Epstein et al, 1982; 
Raziuddin et al, 1984). Further, it was demonstrated 
that antibodies raised against human chromosome 21- 
encoded cell surface proteins were able to block the 
binding and action of human IFN-o to human cells, 
indicating that this chromosome contained a gene(s) 
specifying the human IFN cell surface receptor (Shulman 
et al., 1984). 


6.1.2 Molecular Cloning of IFN Receptor 
Components 

The elucidation of the full complement of components of 

the IFN-a/B/w receptor has long been sought. One 

methodology used to isolate receptor cDNAs involves 
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transfecting mouse cells with total human DNA and then 
selecting for cells sensitive to human IFN-a. After several 
attempts, this approach led successfully to the isolation of 
a 2.7 kb cDNA from a library constructed from human 
lymphoblastoid (Daudi) cells, which encoded an IFN-& 
binding protein (Uzé et al., 1990) containing 557 amino 
acids (molecular mass 63485 Da) including a signal 
sequence of 27 mainly hydrophobic amino acids. This 
protein has a structure typical of a transmembrane 
glycoprotein: a large N-terminal extracellular domain, 
which potentially could be highly glycosylated owing to a 
preponderance of N-linked glycosylation sites, a short 
hydrophobic transmembrane domain, and an 
intracellular or cytoplasmic tail (Figure 25.5). Its amino 
acid sequence shows little homology with any currently 
available sequences of proteins, including the sequence of 
the human IFN-y receptor (Aguet et al., 1988); however, 
the extracellular domain has been predicted to show 
structural similarities with the latter receptor and to a 
lesser extent with the so-called hematopoietin receptor 
supergroup (Bazan, 1990a,b). The gene coding for this 
putative IFN-a receptor has been mapped to 
chromosome 21.q22 (Lutfalla et al, 1992), in 
confirmation of the earlier rodent x human hybrid cell 
data (Tan et al., 1973; Slate et al, 1978; Epstein et al., 
1982; Raziuddin et al., 1984). 

Although the cloned “IFN-a receptor” could be 
shown to confer sensitivity to human IFN-@ in 
transfected mouse cells (Uzé et al., 1990), such cells were 
relatively insensitive to human IFN-a, and human 
IFN-B. These findings, together with those from anti- 
IFN-a receptor antibody blocking studies (Colamonici et 
al., 1990; Revel et al, 1991; Uzé et al., 1991) and 
affinity cross-linking studies with IFN-a, (Colamonici et 
al., 1992), have suggested that a second IFN-@ receptor 
exists or another component is required besides the 
cloned IFN-a, binding protein, to complete the receptor 
complex. This hypothesis is further supported by a study 
(Soh et al, 1994) in which introduction of a yeast 
artificial chromosome (YAC) containing a segment of 
human chromosome 21 into chinese hamster ovary 
(CHO) cells conferred a greatly increased response to 
both IFN-a, and IFN-a,, as well as an increased response 
to IFN-B and IFN-@, whereas the expression of the 
IFN-a, binding protein alone did not confer sensitivity 
(Revel et al., 1991). However, these increased responses 
can be “knocked out” by disruption of the IFN-a, 
binding protein gene in the YAC, and then reconstituted 
by expression of the cDNA encoding the IFN-a, binding 
protein (Cleary et al., 1994), suggesting that cell surface 
expression of this protein is required for a fully functional 
receptor (see also Hertzog et al., 1994; Constantinescu 
et al., 1994). 

A second human IFN-&/ß receptor, which is probably 
the additional component of the receptor complex 
referred to above, has been cloned (Novick et al., 1994). 
The 1.5 kb cDNA encodes a 33]-amino-acid protein, 
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Figure 25.5 Schematic drawing of the domain organization of the clonal IFN-o,- and IFN-o/8 binding proteins. 


including a signal sequence, which has the predicted 
structure of a transmembrane glycoprotein. The N- 
terminal ectodomain (217 amino acids) corresponds in 
sequence to a soluble 40 kDa IFN-&/ß binding protein, 
p40, isolated from urine. This domain is linked to a 
transmembrane segment (21 amino acids) and a 
relatively small cytoplasmic domain of 67 amino acids 
(Figure 25.5). Overall, the primary sequence shows little 
homology with that of the previously cloned IFN-a, 
binding protein (Uzé et al, 1990), but when the 
extracellular domains are compared, 23.4% relatedness is 
found (Novick et al, 1994), suggesting that both of 
these IFN binding proteins belong to the same so-called 
class II cytokine receptor family (Uzé et al., 1995). Two 
classes of cytokine receptor (class I and class II) have 
been proposed by Bazan (1990a,b), these being 
distinguished by the positions of cysteine pairs in the 
extracellular domain. The latter is comprised of 
fibronectin type IlI-like units containing around 200 
amino acids and designated D200 (Uzé et al., 1995). A 
schematic drawing of both IFN-a/B receptor chains is 
shown in Figure 25.5. Subsequently, it has been found 
that alternative splicing of the IFN-a/B receptor gene 
can produce a transcript encoding a long form of the 
receptor protein containing a larger cytoplasmic domain 
of 251 amino acids (Domanski et al., 1995; Lutfalla et 
al., 1995). 

Mouse cells transfected with the cDNA encoding the 


IFN-a/B binding protein bind IFN-a, but are 
insensitive to its effects, suggesting that an accessory 
protein, possibly the cloned IFN-a@, binding protein, is 
required for signaling (Novick et al, 1994; 
Constantinescu et æl., 1994). The findings that anti-p40 
antiserum and a particular monoclonal antibody to the 
IFN-os binding protein (Benoit et al., 1993) both block 
the biological activity of IFN-aBo indicate that the IFN- 
o/B and IFN-a, binding proteins are in close proximity, 
and thus probably interact to form a high-affinity IFN- 
a/B/@ receptor complex. The most likely scenario on 
present evidence is for a two-chain IFN-a/B/@ receptor, 
comprising the cloned IFN-o, binding protein (Uzé et 
al., 1990) and the long form of the IFN-o/ binding 
protein (Domanski et al., 1995; Lutfalla et al., 1995), 
each of which binds to some extent particular IFN types 
or IFN-a subtypes but which together more strongly 
bind all IFN-o, -B, and -@ species and function to 
transmit signals across the cell membrane. However, it is 
not completely ruled out that other cell surface 
components, e.g., membrane glycosphingolipids, are 
required for fully functional receptors (Colamonici et al., 
1992; Platanias et al., 1994; Ghislain et al., 1995; Uzé et 
al., 1995) or, possibly, that there are alternative IFN 
receptors, e.g., the Epstein-Barr virus/complement C3d 
receptor as an IFN-a receptor on B-lymphocytes 
(Delcayre et al, 1991). Vaccinia virus and other 
orthopoxviruses contain a gene B18R encoding a soluble 


type I IFN receptor which, unlike the class II cytokine 
type receptors, belongs to the immunoglobulin 
superfamily (Symons et al, 1995; Colamonici et al., 
183). 


‘7. Signal Transduction 


7.1 SIGNAL TRANSDUCTION 


7.1.1 Molecular Mechanisms 


The intracellular domains of the two cloned IFN-binding 
proteins are unrelated to the tyrosine kinase class of 
receptors, e.g., epidermal growth factor receptor (EGF- 
R) and platelet-derived growth factor-receptor (PDGF- 
R), and are not predicted to have kinase activity of any 
sort (Uzé et al., 1990; Novick et al., 1994). However, it 
appears that the cytoplasmic domain of the IFN-a, and 
o/B binding proteins associate with nonreceptor tyrosine 
kinases TYK2 and Janus kinase 1 (JAK1), respectively, 
known to be involved in the signal transduction pathway 
of IFN-a/B and other cytokines (Novick et al., 1994; 
Ghislain et al. 1995; Ihle, 1995; Ihle and Kerr, 1995; 
Velasquez et al., 1995). The current understanding of 
this pathway is as follows. After binding of IFN-a/B/@ 
to their cognate receptors, the intracellular domains are 
phosphorylated by TYK2 and JAKI. These phos- 
phorylated domains act as docking sites for the 
cytoplasmic STAT (signal transducers and activators of 
transcription) proteins p84/p91 (STAT1a/b) and p1l13 
(STAT 2) (Ihle, 1996). The latter undergo tyrosine 
phosphorylation mediated by  receptor-associated 
TYK2/JAK1, dimerize, translocate to the nucleus, and 
combine with a DNA binding protein, p48, to form the 
IFN-stimulated gene factor-3 (ISGF3) transcription 
factor complex (Schindler et al., 1992; Velasquez et al., 
1992; Müller et al., 1993; Platanias et al., 1994; Shuai et 
al., 1994; Gupta et al., 1996; Yan et al., 1996). Both 
TYK2 and JAKI need to be reciprocally activated for 
signal transduction to occur, since cell mutants lacking 
either TYK2 or JAKI are unresponsive to IFN-o (Ihle, 
1995; Ihle and Kerr, 1995). ISGF3 binds to cis-acting 
IFN-stimulated response elements (ISRE), present in the 
promoter regions of IFN-inducible genes, to initiate 
their transcription (Williams, 1991). Targeted disruption 
of the STAT 1 gene in mice has shown that STAT 1 has 
an obligatory role in IFN-o and IFN-y signaling (Durbin 
et al., 1996; Meraz et al., 1996). 

The JAK1 /TYK2 — ISGF3 pathway may not be the 
only “receptor-to-cell nucleus” signaling mechanism 
activated in IFN-stimulated cells. There has been some 
evidence to implicate protein kinase C (PKC) pathways as 
well (Reich and Pfeffer, 1990; Pfeffer et al, 1991; C. 
Wang et al., 1993). However, this remains controversial 
owing to the lack of specificity of kinase inhibitors used 
(Kessler and Levy, 1991; James et al., 1992). 
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7.2 IEN-INDUCIBLE GENES 
7.2.1 IFN-response Gene Sequences 


IFN-inducible genes have a common regulatory 
nucleotide sequence (G/A)GGAAAN(N)GAAACT in 
their 5’ flanking region and this type of sequence, which 
resembles the VRE sequences (Ryals et al., 1985; Reid et 
al., 1989) present in IFN genes, is designated interferon- 
stimulated response element (ISRE) (Williams, 1991). 
The resemblance between ISRE and VRE sequences 
probably accounts for the finding that many IFN- 
inducible genes are transcriptionally activated by virus 
infection or dsRNA, which also activate the transcription 
of IFN genes (Hug et al., 1988; Wathelet et al., 1988). As 
mentioned previously (see Section 5.1.3), [FN-receptor 
occupation activates cytoplasmic ISGF-3 and this complex 
is translocated to the nucleus and binds to ISRE of IFN- 
inducible genes as a transcriptional activator. In addition, 
a second factor, ISGF2, forms complexes with ISRE 
in IFN-stimulated cells. ISGF2 is a single, inducible 
phosphoprotein that has been shown to be identical to 
IRF-1 (Miyamoto et al., 1988; Pine et al., 1990; Williams, 
1991; Reis et al., 1992). The role ofa third transcription 
factor, ISGF1, which is constitutively produced and 
requires only the central 9 bp core of ISRE for binding, 
remains to be fully defined (Kessler et al., 1988). A number 
of other negative regulatory factors, including IRF2 
(Haradanet al., 1989) and the ISGF2 TIRED L CES 
related “human interferon consensus sequence binding 
protein” (ICSBP) (Weisz et al., 1992; Bovolenta et al., 
1994), which also bind to ISRE, are also probably involved 
in the regulation of transcription of IFN-inducible genes. 


7.2.2 Proteins Induced by IFN 


It is clear that the regulation of expression of IFN- 
inducible genes is complex and that the mechanisms that 
control their selective expression are not fully understood 
(see Taylor and Grossberg, 1990, for review). IFN- 
inducible proteins, whose number probably exceeds 20, 
include both those proteins induced early after IFN 
stimulation and those proteins that may be produced at 
later times, often in response to the actions of “early” 
IFN-inducible proteins (Sen and Lengyel, 1992). The 
full set of IFN-inducible proteins is probably not known, 
but several have been identified and characterized. Table 
25.2 shows an incomplete list of IFN-inducible proteins 
together with their likely functions. Some of these 
proteins are not exclusively induced by IFN-a/B/a; 
IFN-y and certain other cytokines, e.g., tumor necrosis 
factor-a (TNF-a) often induce spectra of proteins that 
overlap with the set induced by IFN-0&/B/@ (Revel and 
Chebath, 1986; Rubin et al, 1988; Wathelet et al., 
1992). It should be noted that IFN-inducible proteins 
tend also to be cell type-specific and thus not all proteins 
listed in Table 25.2 will be expressed in all cell types. In 
some cases, [FN-inducible proteins are completely absent 
from a cell before IFN stimulation, but in other cases 
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Table 25.2 


IFN-inducible proteins 





Protein 


Function 


Reference 





2-5A synthetase 


dsRNA-activatable protein 
kinase (PKR) 


Class | MHC antigens (HLA-A, 
B, C) and B-microglobulin 


Guanylate-binding proteins 
(GBP; 767) 


MxA 


Metallothionein 


Protein kinase C-e 
(PKC- £) 


Retinoblastoma (RB) gene product 


15 kDa Ubiquitin cross-reactive 
protein 


Vimentin 
Tubulin 
IRF1/ISGF2 
IRF2 


Interferon-inducible protein 35 
(IFP35) 


Interferon-inducible protein 56 
(IFP56) 


Gene 200 cluster products 
1-8U, 1-8D and 9-27 gene products 
6-16 gene product 
Immunoglobulin Fc-receptor (FcR) 


Intracellular 50 kDa Fey- 
binding protein 


Thymosin B4 


dsRNA-dependent synthesis 
of ppp(A2p)n-A [2-5A]; 
activator of RNase L 


Phosphorylation of peptide 
initiation factor elF-2a 


Antigen presentation to cytotoxic 
T lymphocytes (CTL) 


GTP, GDP binding 


Specific inhibition of 
influenza virus replication 


Metal detoxification 


Serine/threonine protein 
phosphorylation 


Tumor suppressor protein 


Targeting of structurally 
abnormal proteins for 
degradation 


Intermediate filament network 
Cellular structural filaments 
Nuclear transcription factor 

Nuclear repressor factor 


Leucine-zipper type 
transcription factor 


Unknown 


204 protein is nucleolar 
phosphoprotein 


9-27 product is an RNA binding 
protein 


13 kDa hydrophobic protein of 
unknown function 


Binding of immunoglobulins 


Unknown; binds IgG but not IgM, 
IgA or IgE 


Induction of terminal transferase in 
B lymphocytes 


Revel and Chebath, 1986; Sen and 
Lengyel, 1992; Samuel, 1987; 
Staeheli, 1990. 


Revel and Chebath, 1986; Sen and 
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they are being constitutively produced, their synthesis 


augmented by IFN. 


8. Mouse IFN-o. and IFN-B 


The genes for mouse IFN-@ subtypes and mouse IFN- 
(no functional mouse IFN-@ gene has been found) are 
located on mouse chromosome 4 (Dandoy et al., 1984, 


1985; De Maeyer and De Maeyer-Guignard, 1988, for 


review). These genes are, like their human counterparts, 
intronless and of comparable structure. Twelve mouse 
IFN-@ genes or pseudogenes have been identified, of 
which the cDNAs for 10 different genes have been cloned 
and expressed (Langer and Pestka, 1985; De Maeyer and 


De Maeyer-Guignard, 1988). Mouse IFN-a subtype 
proteins contain 166 or 167 amino acids, or exceptionally 
162 (mouse IFN-@,), and the four cysteines at positions 
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Schematic drawing depicting signal transduction pathways from the IFN receptors at the cell 


membrane to the cell nucleus. ISGF3 = interferon-stimulated gene factor-3. The ISGF3a complex contains three 
structurally related proteins p84, p91, and p113, and the ISGF3y subunit is comprised of a single protein, p48. ISRE = 
interferon-stimulated response element, present in IFN-inducible genes. JAK1, JAK2 and TYK2, nonreceptor protein 
tyrosine kinases involved in the phosphorylation of ISGF3ca proteins, p91 and p113. PKC = protein kinase C involved 
in the phosphorylation of nuclear transcription factor NF«B. 


1, 29, 99, and 139, which are responsible for disulfide 
bond (Cys’-Cys”’, Cys’’-Cys'*’) formation in human 
IFN-a subtypes, are perfectly conserved. Most of the 
mouse IFN-o subtypes contain an N-linked glycosylation 
site at position 78 and thus are glycoproteins. In amino 
acid sequences, mouse IFN-a subtypes are about 40% 
homologous with their respective human counterparts 
(Langer and Pestka, 1985). 

There is only a single-copy mouse IFN-B gene and this 
encodes the 16l-amino-acid mature mouse IFN- 
protein (Higashi et al, 1983; De Maeyer and De 
Maeyer-Guignard, 1988). Mouse IFN-B contains only 
one cysteine and thus cannot form intramolecular 
disulfide bonds. It has three potential N-linked 
glycosylation sites and 1s heavily glycosylated when 
secreted from mouse fibroblasts; the molecular mass of 
the native glycoprotein is approximately 34 kDa com- 
pared to the predicted 17 kDa for the nonglycosylated 
counterpart (De Maeyer and De Maeyer-Guignard, 


1988). The amino acid sequence of mouse 1FN-B is 
about 48% related to that of human IFN-B. The three- 
dimensional structure of mouse IFN- has been solved 
(Senda et al., 1992) (see Section 3.1.1) and the protein 
has been shown to comprise five a-helices folded into a 
compact o-helical bundle (Figure 25.4). 

Induction of transcription of mouse IFN-a subtype 
genes and the mouse IFN-f gene is probably regulated 
by transcription factor-binding nucleotide sequences 
present in the 5’ noncoding promoter region, in a similar 
way to that of human IFN-o and IFN-B genes (see 
Section 2.2). For example, repeated GAAA-rich 
sequences are present in the 5’ flanking regions of most 
mouse IEN-o subtype genes and these are likely to be 
important for virus-inducible transcription (Shaw et al., 
1983; Zwarthoff et al., 1985). Inducers of mouse IFN-o 
and IFN-f synthesis, which include a number of viruses 
and double-stranded polynucleotides, are similar to those 
which induce human IFN-a, IFN-B, and I[FN-o 
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production (Stewart, 1979; De Maeyer and De Maeyer- 
Guignard, 1988). Similarly, the type of IFN produced 
follows the pattern found among different human cell 
types: fibroblastic and epithelial cell lines produce mainly 
1FN-B, whereas leukocytes produce mainly IFN-o 
subtypes (De Maeyer and De Maeyer-Guignard, 1988). 

The biological properties of mouse IFN-a and IFN-B 
are similar to those of human 1FN-a, IFN-B and IFN-@ 
(see Section 5). Since mouse and human IFN-g subtypes 
are only 40% homologous, there is considerable species 
preference in biological activity, i.e., mouse IFN-o is 
weakly active in human cells and vice versa. Mouse 1FN- 
B is also not active in human cells (Stewart, 1979). 

Rather less is known regarding receptors for mouse 
IFN-a@ and IFN-B, than for the human counterparts, but 
it is probable that they comprise two or more chains, as is 
the case for the human IFN-a/8/@ receptors (Uzé et al., 
1995). The mouse equivalent receptor chain to the IFN- 
Qa, binding protein (Uzé et al., 1990) has been cloned 
(Uze zt al, 1992). The geneséer this mouse IFN-oáp 
receptor has been located to mouse chromosome I6 
(Cheng et al., 1993). The mouse IFN-o/B receptor is 
564 amino acids long and is divided into a large N- 
terminal extracellular domain (403 amino acids), a short 
hydrophobic transmembrane segment (20 amino acids), 
and a cytoplasmic domain (141 amino acids) (Uzé et al., 
1992). The extracellular domain contains eight potential 
N-linked glycosylation sites and is predicted to exhibit 
the two-D200 domain structure of the human IFN-a, 
binding protein extracellular domain (Figure 25.5) (Uzé 
et al. 1995). Further mouse IFN-@/B rceptors or 
components thereof await identification and 
characterization. Signal transduction via mouse IFN-a/B 
receptors is expected to involve the JAK] /TYK2- 
ISGE3 (STAT 1/2) pathway as outlined for human IFN- 
a/B/@ receptors (see Section 7.1). In STAT 1 gene- 
deleted mice there are no overt developmental 
abnormalities, but they display a complete lack of 
responsiveness to mouse IFN-a and IFN-y (Durbin et 
al, 1996; Meraz et al, 1996). As a consequence, 
STAT 1 / mice are highly susceptible to infection by 
viruses and microbial pathogens. STAT 1 is therefore an 
obligatory mediator in the signal transduction pathway 
triggered by IFNs. Targeted disruption of the cloned 
mouse IFN-o/f8 receptor gave rise to a knockout with a 
similar phenotype (Müller e¢ al, 1994). Such mice, 
lacking the IFN-&/B receptor, developed normally but 
were unable to respond to mouse JFN-a@/§ and thus 
unable to cope with viral infections. 


9 Clinical Uses of IFNs 


9.1 GENERAL CONSIDERATIONS 


The potent antiviral activity of IFN-a/B/@ together 
with their potential antitumor actions provided the 


impetus for large-scale manufacture of IFNs for the 
purpose of clinical evaluation in a variety of viral and 
malignant diseases. In the early 1970s, IFN production 
depended on pooled, human buffy coats (leukocytes) 
and thus only limited quantities could be made (Cantell 
and Hirvonen, 1977). Later in that decade, human 
lymphoblastoid cells (e.g., Namalwa), which could be 
grown to large culture volumes, became available for 
IFN production. By the 1980s, following the cloning of 
1FN-a and IFN-B, these IFN species were mass- 
produced by recombinant rDNA technology, leading to 
abundant availability of certain IFN-a subtypes, e.g., 
IFN-a, and “stabilized” IFN-B ser 17. There followed 
production of IFN-y and IFN-@ by this means. Clinical 
usage of IFN-a@ preparations far exceeds that of IFN-B 
and 1FN-@ because of early production difficulties with 
the latter types, though these are now solved. 

At the beginning of the 1980s there was tremendous 
enthusiasm, both from manufacturers of IFNs and from 
clinicians, to evaluate the therapeutic potential of IFNs. 
However, early clinical trials had been poorly devised, 
were not “blinded”, and often yielded only anecdotal 
evidence of success. lt was only. after many controlled, 
randomized studies had been conducted that it became 
apparent that IFNs in general, administered as a single 
agent, were not beneficial for the treatment of the 
majority of malignant diseases, including the major 
cancers (lung, breast, colon) of the developed world. The 
initial optimism all but vanished and was replaced in the 
mid-to-late 1980s by a more sober and realistic 
appreciation of the potential therapeutic value of IFNs. A 
number of general conclusions have been drawn, as 
follows. (1) IFN-a@ and IFN-B, and to a lesser extent IFN- 
Y, have antitumor activity in a small number of cancers, 
particularly in those that are relatively slow-growing and 
well-differentiated. (ii) There is no indication that 
heterogeneous IFN-@ preparations containing mixtures 
of IFN-a@ subtypes (e.g., leukocyte IFN, lymphoblastoid 
IFN) have different clinical effects from those of 
homogenous, recombinant 1FN-a@ subtype or IFN-B 
preparations. (iii) Continuous or intermittent high 
dosing appears to be required for antitumor efficacy. 
(iv) IFNs probably work best in patients with a minimal 
tumor burden (Balkwill, 1989). 

A major concern that has emerged from clinical studies 
is that IFNs all generate a considerable number of 
undesirable, clinically observable, side-effects, including 
fever, chills, malaise, myalgia, headache, fatigue, and 
weight loss, and in certain cases these have been severe 
enough for treatment to be halted (Bottomly and Toy, 
1985; Rohatiner et al, 1985; Goldstein and Laszlo, 
1986). ln addition, a variable proportion (1-40%) of 
patients treated with IFN-a or IFN-B, especially 
recombinant IFN-a, and recombinant 1FN-B ser 17, 
develop neutralizing antibodies to the IFN species used 
(Rinehart et al., 1986; Antonelli et al., 1991), that in 
some instances have been associated with clinical 
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“resistance” to IFN (Steis et al, 1988; Oberg et al., 
1989; Freund et al., 1989; Fossa et al., 1992). A further 
important, but generally unrecognized, side-effect of 
IFN-q@ treatment is the possible induction of certain 
types of autoimmune disease (Feldmann et al, 1989; 
Gutterman, 1994), probably mediated via IFN-induced 
upregulation of MHC antigen expression and 
generalized immunosuppression. 


92 IEN TREATMENT OF MALIGNANT 
DISEASES 


The most responsive cancer to 1FN-o therapy is a very 
rare form of B-cell leukemia, known as “hairy cell” 
leukemia (HCL), in which a response rate up to 80% has 
been reported (Gutterman, 1994; Baron et al, 1991, 
Vedantham et al., 1992). In HCL patients, the “hairy 
cells” invade the spleen and bone marrow and the disease 
takes an indolent course. It has been shown convincingly 
that IFN-o therapy continued over several months leads 
to a clearance of “hairy cells” and in some patients a 
long-term remission is achieved. IFN-B ser 17 or IFN-y 
were less effective against HCL (Saven and Piro, 1992). 
The IEN-a-induced mechanisms whereby clearance of 
“hairy cells” is achieved are not fully understood, but it iS 
believed that a direct action of IFN-a leading to 
differentiation of “hairy cells” to a nonproliferating 
phenotype is involved (Vedantham ¢ż al OI? 
Gutterman, 1994). Not all patients benefit greatly from 
IFN-&œ treatment and some develop neutralizing 
antibodies, particularly when IFN-, is used (Steis er æl., 
1988). When such neutralizing antibodies cause 
resistance to further LFN-o., treatment, clinical responses 
can be “rescued” by switching to a heterogeneous IFN- 
preparation, ¢.g., leukocyte IFN-a (von Wussow et al., 
1991). However, on the whole, IFN-o therapy of HCL 
appears at least as effective and durable as chemotherapy 
with the drug pentostatin (2-deoxycoformycin) (Saven 
and Piro, 1992). 

IFN-a therapy has also been shown to slow down the 
progression of chronic myelogenous leukemia (CML) 
(Baron et al., 1991; Gutterman, 1994). In this malignant 
disease, leukemic cells grow slowly in the initial chronic, 
but benign, phase and persist for 2—4 years, but there 
follows a dramatic “blast crisis” producing rapidly 
proliferating mycloid leukemia cells and a fatal outcome. 
CML patients treated with IFN-o in the chronic phase 
often achieve durable remissions, associated with the 
elimination of leukemic cells bearing the so-called 
“Philadephia chromosome”, sometimes lasting up to 8 
years. 

Other malignancies in which IFN-o therapy seems to 
work, although with generally a lower percentage of 
patients responding than in HCL and CML, include low- 
grade non-Hodgkin lymphoma, cutaneous cell 
lymphoma, carcinoid tumors, renal cell carcinoma, 


squamous epithelial tumors of the head and neck, 
multiple myeloma, and malignant melanoma. In most of 
these cancers, complete responses are low compared to 
partial responses, but IFN-@ may help with maintenance 
therapy of diseases in some cases, ¢.g., multiple myeloma 
(Mandelli et al., 1990; Johnson and Selby, 1994). 

The neovascularization of primary tumors is a crucial 
step in their development and thus the anti-angiogenic 
activity of IFN-a/B (Sidky and Borden, 1987) may have 
therapeutic value in certain early malignancies, ¢.g., 
primary melanoma (Gutterman, 1994). Kaposi sarcoma, 
often found in AIDS patients, has been regarded as an 
angiogenic tumor or angioproliferative disease, which 
may explain why IFN-o treatment can lead to regression 
of lesions in up to 40% of patients with this condition (De 
Wit et al., 1988; Groopman and Scadden, 1989). 

In preclinical systems, the combination of IFN therapy 
and conventional chemotherapy has appeared to offer 
greater chances of producing effective treatment of many 
cancers, but in clinical trials this strategy has produced 
mostly disappointing results (see Wadler and Schwartz, 
1990, for review). This may be due to (i) the inability of 
preclinical models accurately to predict the clinical 
situation; (ii) the lack of understanding of the 
biochemical interactions and biological consequences of 
combining 1FNs and chemotoxic agents; (iii) a failure to 
incorporate information on dose, scheduling, and 
sequence of administration of IFNs and chemotoxic 
agents into clinical trials. 


9.3 IFN TREATMENT OF VIRAL 
DISEASES 


Despite having proven antiviral activity im vitro, IFNs 
have not proved the hoped-for panacea for most 
common viral infections in man. IFN-o/B prevent the 
replication of common cold viruses (rhinoviruses and 
coronaviruses) in the test tube and when administered to 
volunteers in the form of a nasal spray, but cannot “cure” 
colds once they are established (Scott et al., 1982; R.M. 
Douglas et al., 1986; Turner et al., 1986). 1FN-o is only 
partially effective in preventing influenza virus infections 
(Treanor et al, 1987). 

Topical applications of IFN-o./8 in the form of creams 
or ointments to herpes virus lesions, e.g., in herpes 
zoster (chickenpox), and genital warts (Condyloma 
acuminatum) caused by papilloma viruses have been 
investigated, but have given limited beneficial effects. 
However, when administered parenterally, i.e., by 
intramuscular or intravenous injection, greater beneficial 
effects of IFN-o/8 on virally caused lesions and warts 
have been found, although not to an extent that IFN 
therapy has become the treatment of choice (Schneider et 
al., 1987; J.M. Douglas et al., 1990; Baron et al T991; 
Gutterman, 1994). Another wart-like disease, juvenile 
laryngeal papilloma (JLP), which can severely obstruct 
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the airways of young children, caused by the same 
papilloma virus types (6 and 11) as cause genital warts, 
has also been found to respond beneficially to IFN-o 
therapy. Disappointingly, IFN-o therapy appears neither 
curative nor of substantial value as an adjunctive agent in 
the long-term management of JLP (Healy et al., 1988). 

Probably the most successful application of IFN-o 
therapy to viral disease is in the treatment of chronic 
active hepatitis, caused by either hepatitis B or C viruses 
(Baron et al., 1991; Gutterman, 1994). Up to about 40% 
of chronic active hepatitis B patients respond to IFN-o 
therapy; viral infectivity markers disappear and 
seroconversion and cure follow. It is interesting in the 
case of hepatitis B virus that viral activity is responsible 
for inhibiting the endogenous 1FN system (Foster et al., 
1991), and thus the administration of exogenous IFN-a 
constitutes a replacement therapy. In hepatitis C virus 
infection, some serotypes of the virus are apparently 
more sensitive to IFN-a therapy than others and 
prolonged treatment may be necessary (>6 months) to 
prevent relapses occurring (Gutterman, 1994). 

Both IFN-a@ and IFN-B have been shown to inhibit 
human immunodeficiency virus-] (HIV-1) replication zm 
vitro (Hartshorn et al., 1987). However, in vivo, there is 
little evidence showing that IFN-a therapy has any long- 
term beneficial effect in asymptomatic HIV-1-positive 
individuals or AIDS patients (Friedland et al., 1988; Lane 
et al., 1990), except for limited regressions in Kaposi 
sarcoma lesions (De Wit et al., 1988; Groopman and 
Scadden, 1989). Combination therapies for HIV-1- 
infected individuals involving IFN-@ and antiviral drugs 
such as zidovudine (AZT) have also proved to be 
ineffective (Berglund, 1991). 


9.4 IFN TREATMENT OF OTHER 
HUMAN DISEASES 


As mentioned earlier, IFN-a/B inhibits hematopoiesis 
and therefore induces leukopenia in patients. This effect 
has generally been thought to be undesirable and it can 
lead to immunosuppression; however, it has proved 
useful for the treatment of diseases in which there 
is uncontrolled leukocytosis, e.g., thrombocytosis 
(markedly elevated platelet numbers), associated with 
various myeloproliferative diseases (Gisslinger et æl., 
1989). Resistance to IFN-a, therapy has occurred in 
such patients when neutralizing antibodies to IFN-a, 
have developed, but successful retreatment with a 
heterogeneous IFN-o@ preparation, lymphoblastoid IFN 
(IFN-a&N1) has been reported (Brand et al., 1993). 

The findings that production of IFN-a@ and IFN-y was 
deficient in multiple sclerosis (MS) patients (Neighbor 
and Bloom, 1979) stimulated clinical trials to evaluate 
IFNs in MS. Rather unexpectedly, it has repeatedly been 
found that IFN-B, either natural fibroblast-derived or the 
later recombinant IFN-B ser 17 (IFN-B-1b), injected 


intrathecally, subcutaneously, or intramuscularly in 
patients with relapsing/remitting disease leads to a 
reduced rate of exacerbations of the disease and thus is 
possibly of clinical benefit in some patients (Jacobs et æl., 
1981, 1987, 1993; The IFNB Multiple Sclerosis Study 
Group, 1993; Paty et al, 1993). The IFN-B-induced 
mechanisms that contribute to this beneficial outcome 
are not known, but probably immunomodulatory actions 
are involved, e.g., suppression of growth and activity of 
autoreactive T lymphocytes in the central nervous system 
(Goodkin, 1994). It is unclear whether IFN-a would 
have a similar effect. However, the results with IFN-B 
treatment have been encouraging so far, although more 
follow-up of patients will be necessary to monitor any 
effects on the clinical progression of MS (Ebers, 1994). 
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l. Introduction 


In 1964, Gresser and Naficy described the presence of 
viral inhibitory activity in cerebrospinal fluids derived 
from patients with infectious and noninfectious diseases. 
They used the term “interferon-like” substance because, 
by the criteria then in use to characterize antiviral 
substances, the antiviral activity differed in one important 
aspect from the other interferons: it was acid-labile. One 
year later, Wheelock (1965), who was looking for the 
possible presence ofviral-induced interferon in peripheral 
blood lymphocytes (PBLs) from patients with various 
virus infections, found an antiviral factor in uninfected 
human leukocyte control cultures that had been 
stimulated by phytohemagglutinin (PHA). This 
“interferon-like substance”, as he also called it, again 
differed from the other interferons in that it was acid- 
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labile. Four years later, Green and colleagues (1969) 
demonstrated the appearance of a similar activity in 
antigen-stimulated leukocyte suspensions. For many years 
IFN-y was referred to first as “acid-labile interferon” and 
subsequently as “type II interferon”, as opposed to the 
acid-stable “type I” interferons, which later turned out to 
be interferons & and B (De Maeyer and De Maeyer- 
Guignard, 1988). Since interferons belonged to the 
virologist’s domain, it is probably not too surprising that 
the first indications for an immunoregulatory role of type 
II interferon were obtained by virologists. It is rather 
ironic that for many years immunologists simply were not 
interested in this substance, whereas presently one cannot 
open an issue of a journal dealing with the subject of 
immunology without coming across at least one paper 
dealing with IFN-y directly or indirectly. But that is the 
way science often works! 


Copyright © 1998 Academic Press Limited 
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Figure 26.1 Structure of the IFN-y gene (aa = amino acid). (The figure is derived from Taya et al. (1 982).) 


2. The Cytokine Gene 


The single-copy hIFN-y gene, situated on chromosome 
12 in the p12.05-qter region, contains three introns. 
Intron one is 1238 bp long, intron two 95 bp ‘and 
intron three 2422 bp (Figure 26.1). The four exons 
code for 38, 23, 61, and 44 amino acids, respectively, 
resulting in a 166-amino-acid polypeptide, 23 residues 
of which constitute the signal peptide. The deduced 
amino acid sequence reveals two potential N- 
glycosylation sites at positions 25-27 and 97-99, which 
explains the existence of two species of different 
molecular mass, 20 and 25kDa, respectively, 
glycosylated on either one or both sites (Yip et al., 
1982; Rinderknecht et æl., 1984) (Table 26.1). The 
protein is furthermore characterized by a very high 
content of basic residues, particularly two clusters of 
four residues each, Lys-Lys-Lys-Arg at positions 86-90 
and Lys-Arg-Lys-Arg at positions 128-132. The basic 
nature of the mature protein probably explains its acid- 
lability, a characteristic used to distinguish it from the 
type I interferons before its molecular structure was 
known. Deletion mutants of hIFN-y truncated at the 
COOH terminus show loss of activity when residues in 
this region are missing (Seelig et al., 1988). 

A comparison of the sequences of three different 
IFN-y isolated from three individuals reveals moderate 
allelism, consisting, for example, of a lysine-to-glutamine 
change at position 6. 


3. The Protein 


Unglycosylated, E. Coli-derived hIFN-y crystallizes in a 
dimeric structure, with identical œ subunits related by a 
noncrystallographic twofold axis in the asymmetric unit. 
The protein has no B-sheet and is principally o-helical, 
with each subunit consisting of six a-helices, ranging in 
length from 9 to 21 residues. The 12 helices that make 
up the dimer are parallel to the dimer twofold axis, with 
no clear antiparallel four-helix domains present in the 
molecule. The dimer is stabilized by the intertwining of 
helices across the subunit interface. The very intimate 
linkage of the subunits that make up the dimeric 
structure of hIFN-y appears to be unusual among, 
globular proteins. Of particular interest is the 
observation that a comparison of the three-dimensional 
structures of IFN-y and IFN-B shows a significant 
similarity in folding topology (Figure 26.2). Of the 12 
helices in the 1FN-y dimer, five form a structural domain 
that corresponds to the five helices of the IFN-B 
molecule, and the overall geometrical arrangement and 
connectivity are conserved. Ealick and colleagues (1991) 
therefore propose the possibility that 1FN-y and IFN-B 
may be derived from a common ancestral gene, in spite of 
the lack of homology between the amino acid sequences 
and the existence of a separate cell surface receptor for 
these two cytokines. Similarities in tertiary structure 
between proteins sharing the same evolutionary origin 
are frequently more conserved than primary structure, 
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and, in spite of their pronounced differences in primary 
amino acid sequence, type I and type II interferons could 
conceivably be derived from the same ancestral gene. An 
analysis of the interferon genes of more primitive 
vertebrates may be able to provide some insight into the 





Figure 26.2 The three-dimensional structure of 
recombinant human IFN-y. IFN-yis a homodimer. The 
protein is primarily o-helical, with six helices in each 
subunit. There is no B-sheet. (Based on Ealick et al. 

(1991).) 


possible evolutionary relationship of the IFN-y gene and 
the type I interferon genes; so far, the existence IFN-y 
has been documented in mammals only. 


4. Cellular Sources and Production 


In contrast to the synthesis of type I interferons, which 
can take place in any cell, the production of IFN-y is 
limited to T cells and NK cells. T cells are stimulated to 
produce IFN-y either in a polyclonal manner, via 
mitogens or antibodies, or in a clonally restricted, 
antigen-specific manner. 


4.1 CELLS OF THE CYTOTOXIC- 
SUPPRESSOR PHENOTYPE 


Human CD8 and murine (m) Ly-2, isolated from 
individuals after viral infection or vaccination, release 
IFN-y upon exposure to the corresponding viral antigens 
in vitro (Celis et al., 1986; Yamada et al, 1986). 
Similarly, CD8 cytotoxic T cell clones, specific for the 
MHC class I HLA-B27 antigen, produce large amounts 
of IFN-y (Salgame et al., 1991). 


4.2 CELLS OF THE T HELPER 
PHENOTYPE (HUMAN CD4 AND 
MURINE L314) 


On the basis of the array of cytokines secreted, the 
existence of two different subsets of murine T helper (Ty) 
cells has been described. T,,] cells secrete mainly IL-2, 
IL-3 ,TNE-B, and IFN-y, and T42 cells produce mainly 
IL-3, IL-4, IL-5, and I[L-10, and little or no 
IFN-y (Mosmann et al., 1986). T,;1 cells mediate cellular 
immunity such as delayed hypersensitivity responses, 
whereas T,,2 cells are associated with antibody production 
and with allergy. T,,] and T42 cells probably derive from a 
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common precursor, T40 cells, which make most or all 
cytokines made by both T,,I and T,,2 cells before 
becoming specialized, but it is not known whether the 
T0 population contains already committed precursors of 
Tal and T2 cells. IFN-y preferentially inhibits the 
proliferation of T,,2 cells, indicating that the presence of 
IFN-y will result in the preferential expansion of T,] cells 
during an immune response. 

In humans there is also evidence for the existence of a 
Tal and T,,2 type cytokine pattern in CD4 cells, but 
there are also many examples of overlapping patterns 
(Parronchi et al., 1991; Salgame et al., 1991). 


5. Biological Activity 


5.1 MODULATION OF MHC ANTIGEN 
EXPRESSION 


A critical step in immune responses is the recognition by 
cells belonging to the immune system of peptide 
fragments of foreign antigens. Short peptide fragments 
from proteins degraded in the cytosol are bound to 
MHC class I molecules and the complex recognized by 
CD8* T cells. Peptides from proteins degraded in 
endosomal cellular vesicles bind to MHC class lI 
molecules and the complex then migrates to the cell 
surface. The complex of peptide and MHC class II 
molecules is then recognized by CD4* T helper cells (as 
reviewed by Germain, 1994). This critical step in the 
immune response is stimulated by IFN-y, which induces 
or enhances the expression of MHC class lI antigens on 
macrophages and T cells. The stimulation of MHC class 
lI expression by 1FN-y is not limited to these two classes 
of cells, but is also observed on B cells, and on many 
different tumor cells. The genes encoding MHC class II 
molecules belong to the class of genes that need several 
hours for activation by IFN-y, as opposed to the “early” 
genes that are activated in a matter of minutes, via the 
signal transduction pathway discussed in Section 7 
(Blanar et al., 1988; Amaldi et al., 1989; Lew et al., 
Nee Oe 


5.2 MACROPHAGE ACTIVATION 


By inducing the production “of reactive oxygen 
intermediates and the secretion of hydrogen peroxide, 
IFN-y stimulates the intracellular killing of parasites by 
macrophages. For example, in both human and in 
murine macrophages, the IFN-y induced activation of 
hydrogen peroxide release results in enhanced killing of 
the intracellular parasite Toxoplasma gondii (Nathan et 
al., 1985; Nathan and Tsunawaki, 1986). Interestingly, 
this activation is antagonized by IFN-a and 1EN-f; this is 
one of the few examples of antagonism between different 
interferons, which more frequently act synergistically 


(Garotta et al., 1986). Similarly, the crucial involvement 
of IFN-y-induced reactive nitrogen intermediates in 
mycobacterial growth inhibition by macrophages has 
been documented (Flesch and Kaufmann, 1991). 
Another important activity of IFN-y on macrophages 
consists in the activation of the tumoricidal capacity of 
these cells. This is an important function of IFN-y, since 
tumor-cell lysis by activated macrophages in all likelihood 
contributes to the mechanism of natural anti-tumor 
resistance. Although IFN-y is undoubtedly an important 
macrophage activating agent, it shares this function with 
other lymphokines such as TNF-a (Urban et al., 1986). 


ŢȚ 


5.3 INDUCTION OF INDOLEAMINE 2,3- 
DIOXYGENASE (IDO) 


IFN-y induces IDO, an enzyme of tryptophan 
catabolism, which is responsible for the conversion of 
tryptophan to kynurenine. The IDO activity has been 
implicated in the killing of intracellular parasites such as 
Toxoplasma gondii or Chlamydia trachomatis and 
Chlamydia psitacci. It is believed that the inhibition 
results, at least in part, from tryptophan starvation of the 
parasites (as reviewed in Taylor and Feng, 1991) and, 
indeed, in mutant cell lines lacking the Capacity to 
synthetize IDO the inhibition by IFN-y of intracellular 
parasites is reduced (Thomas et al., 1993). ln patients 
with advanced HIV-I infections, the enhanced 
production of IFN-y is probably responsible for the 
significant reduction of tryptophan levels in the serum, 
and the proposal has been made that this could 
contribute to the neurological symptoms frequently 
associated with HIV infection (Werner et al., 1988). 


5.4 ACTIVATION OF NK CELLS 


Natural killer cells are naturally occurring cytolytic 
effector cells whose cytotoxicity is not restricted by the 
MHC complex. Since they do not need previous 
sensitization, they are in the first line of defense against 
tumor cells and some infectious agents. They are 
producers of 1FN-y, and their cytolytic activity is also 
stimulated by IFN-y, as well as by IFN-o and 1FN-B. 


5.5 REGULATION OF IGG ISOTYPE 
PRODUCTION 


IFN-y acts as a regulatory agent in the determination of 
lg isotype responses in that it stimulates the expression of 
immunoglobulin of the 1gG2a isotype, while inhibiting 
the production of lgG3, 1gG1, lgG2b, and IgE (Snapper 
and Paul, 1987). This has led to the implication of 1FN- 
y in immunoglobulin class switching, but this point is 
somewhat controversial, and it has been proposed that 
the increased lgG2a synthesis by IFN-y treated B cells is 
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merely the result of an enhancement of secretion by cells 
that were already committed to IgG2a (Bossie and 
Vitetta, 1991). 


5.6 ANTIVIRAL ACTIVITY 


Although immunomodulation is undoubtedly the 
primary role of IFN-y, it also contributes to the antiviral 
defense mechanism by its direct antiviral action, via the 
stimulation of specific genes that are also involved in the 
antiviral activity of IFN-a and IFN-B. One of the major 
enzymes responsible for the antiviral action of IFNs is 
oligoadenylate synthetase. This enzyme, also called (2’- 
5’)A, synthetase is constitutively present in many cells at 
very low levels. Its concentration increases at least tenfold 
after IFN-y treatment. When activated by double- 
stranded RNA, the enzyme polymerizes ATP into a series 
of 2’-5’ linked oligomers (ppp(A2’p)n) of which the 
trimer is the most abundant. These 2’-5’A oligomers 
then activate a latent endoribonuclease, designated 
RNase L, which is responsible for the antiviral activity 
through degradation of viral RNA. 

Frequently, the antiviral activity of IFN-y occurs in 
synergy with other cytokines, such as, among others, 
JFN-a, IFN-B, and TNF-a (Feduchi and Carasco, 1991; 
Thomis and Samuel, 1992). 

Significant levels of IFN-y are present in the lymph 
nodes, plasma, and cerebrospinal fluid of HIV-infected 
individuals, and there is evidence that under certain 
conditions IFN-y, rather than inhibiting, is able to 
stimulate the replication of HIV. Indeed, in chronically 
infected promonocytic UI cells, IFN-y activates HIV 
expression and causes the production of infectious HIV 
particles that then accumulate in intracellular vacuoles. 
This suggests that IFN-y can play a role as an inducer of 
HIV expression in mononuclear phagocytes, and 
provides, to the best of our knowledge, a unique example 
of stimulation of virus production by an interferon 
(Biswas et al., 1992). The phenomenon is probably 
limited to chronically infected mononuclear cells, 
perhaps via the induction of other cytokines, since the 
usual effect of IFN-y on HIV replication, even in 
mononuclear cells, is inhibition (see, for example, 
Hammer et al., 1986). 

Several viruses have developed strategies to block or 
decrease the antiviral activity of IFNs, including IFN-. 
The adenoviral Ela protein inhibits the action of all types 
of IFNs, and the hepatitis B terminal protein also impairs 
the activation of gene expression by IFN-g and IFN-y (as 
reviewed by Sen and Lengyel, 1992). 


5.7 INDUCTION OF NITRIC-OXIDE 
SYNTHASE 
Nitric-oxide synthase (NOS) is an enzyme that converts 


l-arginine to ]-citrulline, resulting in the production of 
nitric oxide (NO), a highly reactive gaseous molecule. 


The enzyme has a constitutively expressed form, cNOS, 
found in a variety of cell types, that generates low levels 
of NO and is involved in a host of physiological 
processes, among which is vasodilatation, and also has an 
inducible isoform, iNOS, that generates high levels of 
NO. This latter form is induced in macrophages by a 
variety of agents, among which are lipopolysaccharide 
(LPS) and IFN-y. The induced enzyme generates high 
levels of NO that play a role in the antiviral, 
antimicrobial, antiparasitic, and antitumoral activity of 
IFN-y. Induction of NO in macrophages by IFN-y is 
considered by some as one of the key mechanisms by 
which IFN-y inhibits the replication of viruses such as 
ectromelia, vaccina, and herpes simplex virus (Karupiah 
et al., 1993; Campbell et al., 1994). Cytokine-induced 
iNOS can also be produced by microglia and astrocytes, 
and one wonders whether some of the neurological 
symptoms that characterize AIDS might not result from 
JFN-y-induced iNOS activity, since circulating IFN-y is 
frequently present in late-stage AIDS patients. Nitric 
oxide has indeed been shown to have the potential of 
being either neuroprotective or neurodestructive, 
depending on the presence of other agents, for example, 
superoxide anion (Lipton et al., 1993). 


6. The Receptor 


The IFN-y alpha receptor chain IFN-y binds to a 
species-specific cell surface receptor with a molecular 
mass of 90 kDa, now referred to as the IFN-y alpha 
receptor chain. One IFN-y homodimer binds two 
receptor alpha chains, which do not interact with one 
another, but remain separated (Walter et al., 1995). Both 
the human and the murine receptor alpha chains have an 
equally large extracellular domain consisting of 288 
amino acids, a single transmembrane domain, and an 
intracellular domain of 222 and 220 amino acids for the 
human and murine chains, respectively. The structural 
gene for the receptor alpha chain is on chromosome 6 in 
humans, and on chromosome 10 in mice. 


The IFN-y beta receptor chains To be functionally 
active, the hIFN-y alpha receptor chain also requires the 
presence of at least one other component, the beta chain, 
whose structural gene is on human chromosome 21 
(Farrar et al., 1991; Soh et al., 1994). In addition to the 
alpha chain, the presence of the beta chain is required 
(and sufficient) for the induction of MHC class Il 
antigens by IFN-7; it is a transmembrane protein that has 
an overall structural homology to the class 2 cytokine 
receptor family. Interestingly, there is evidence that, also 
on chromosome 21, there are genes encoding other 
accessory factors involved in the antiviral action of IFN-y 
directed against encephalomyocarditis and vesicular 
stomatitis virus, respectively (Pestka, 1994). 
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Figure 26.3 The structure of the receptors for human IFN-y (aa = amino acid). 


The murine accessory cofactor, encoded by a gene on 
chromosome 16, has been called the Mu IFN-y beta 
chain, and consists of a large extracellular domain, and a 
relatively short cytoplasmic domain, estimated at 66 
amino acids (Hemmi et al., 1994). 


7. Signal Transduction 


As a result of the binding of 1FN-y to its cell surface 
receptor, the transcription of many previously quiescent 
genes is activated. We will briefly summarize the events 
leading from receptor binding to transcriptional 
activation of IFN-y-inducible genes. IFN-y-induced 
transcriptional activation can be either late, requiring first 
the synthesis of specific proteins that are then responsible 
for gene activation, or immediate, and take place via 
activation of specific signal-transducing proteins that are 


already present in the cytoplasm and (or) the nucleus in 
an inactive form. Mainly as a result of a series of 
enlightening experiments from the laboratories of 
J. Darnell, I. Kerr, and G. Stark, based in part on the 
judicious use of mutant cell lines, we have reached an 
understanding of the mechanisms of signal transduction 
involved in early activation of interferon-induced genes 
(McKendry et al., 1991; Velazquez et al., 1992; Watling 
et al., 1993; Darnell et al., 1994: Shuai, 1994), 

Receptor binding of IFN-y immediately, in a matter of 
minutes, activates two tyrosine kinases (PTK) within the 
JAK (Janus kinase) family: JAK 1 and JAK 2. 
Subsequently, JAK 1 and JAK 2 then catalyze the 
tyrosine phosphorylation of the transcription factors 
involved in signal transduction (Harpur et al., 1992; 
Muller et al., 1993a). How exactly JAK kinases interact 
with the IFN-y receptor has not been established, though 
it seems likely that they are physically associated with the 
intracellular part of the receptor, since it has recently 


been shown that binding of IFN-y to its receptor results 
in rapid phosphorylation of the latter (Shuai, 1994). A 
latent cytoplasmic factor, the gamma activation factor or 
GAF, is then activated through tyrosine phosphorylation. 
GAF is a dimer of a 91 kDa protein, called STAT 91 (or 
STAT 84) protein (STAT is an acronym for signal 
transducer and activator of transcription), (Imam et al., 
1990; Decker et al., 1991; Shuai et al., 1992; Müller et 
al., 1993b). The STAT 91 and STAT 84 proteins are 
encoded by the same gene, but STAT 91 contains 38 
carboxyl-terminal amino acids that are lacking in STAT 
84 (Schindler et al., 1992; Zhong et al., 1994). It is 
interesting that STAT 91 is also one of the proteins that 
make up the ISGF-3 (IFN-stimulated gene factor) 
complex which is involved in the immediate 
transcriptional activation of IFN-a-inducible genes and is 
made up of four different subunits, consisting of 113,91, 
84, and 48 kDa proteins (Khan et al., 1993; Muller et al., 
1993b). Inactive STAT 91 in the cytoplasm of untreated 
cells is a monomer, but upon IFN-y-induced phos- 
phorylation it forms a stable dimer, which then migrates 
to the nucleus. Only the dimer is capable of binding to 
the gamma activation site GAS (Shuai et al., 1994). 

GAS is a consensus immediate response element of 
nine nucleotides (TINCNNNAA) which is present in 
those genes that are activated immediately after IFN-y 
receptor-ligand binding. Although STAT 91 is also 
present in ISGF3, the transcriptional activator of the 
IFN-a response, the major DNA-binding component of 
ISGF3 appears to be the 48 kDa protein, which is 
normally already present in the nucleus, and which, after 
activation and inclusion into the ISGF3 complex, binds 
to the ISRE (interferon-stimulated response element, a 
consensus sequence present in most genes that respond 
to IFN-a). Several of the STAT proteins characterized in 
the IFN-& and IFN-y signal transduction pathways will 
undoubtedly turn out to be also involved in the 
expression control of genes activated by other cytokines, 
and the knowledge gained from the study of IFN signal 
transduction has important implications for the 
understanding of gene expression in general. It has 
indeed become evident that several cytokines other than 
interferons also use tyrosine phosphorylation to activate 
putative transcription factors, and, for example, STAT 91 
is phosphorylated after the interaction of epidermal 
growth factor and its receptor, and then mediates 
activation of the c-fos gene promoter (Fu and Zhong, 
1993; Larner et al., 1993). 


8. The Murine Cytokine 


Containing four exons and three introns, the structure of 
the murine gene is comparable to that of the human 
gene. The coding part displays an overall nucleotide 
homology with the human gene of about 65%, and an 
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overall protein homology of 40%. Mature mIFN-y has 
134 amino acids, which is four residues shorter than the 
human form. Like the latter, mIFN-y has two N- 
glycosylation sites and an excess of basic residues. The 
encoded size of the mature protein, based on the amino 
acid sequence, is 16 kDa, which is smaller than the size of 
natural IFN-y (38kDa); the difference is due to 
glycosylation and to dimerization (Dijkmans et al., 1985; 
Nagata et al., 1986). The gene is located on murine 
chromosome 10. 

Most experiments on the role and biological activity of 
IFN-y have been performed by treating cells or animals 
either with the cytokine, or with antibodies that 
neutralize its activity. These studies show the various 
possible activities of IFN-y, but do not really demonstrate 
the role played by the cytokine in the normal functioning 
of the organism. The recent development of two 
different lines of knockout mice has now provided us 
with some answers to this question. Dalton and 
colleagues (1993) have developed mice lacking a 
functional IFN-y structural gene, whereas Huang and 
colleagues (1993) have obtained animals that lack a 
functional IFN-y receptor. An analysis of these two 
mutant mouse strains has been most revealing, and we 
will summarize the findings of both groups by combining 
the results obtained in each strain. Mutant mice appear 
normal, healthy, and fertile; obviously, one should realize 
that these animals are kept in a mouse colony, in the 
absence of specific murine pathogens. No gross 
histological abnormalities are present in the lymphoid 
organs, and there is no significant difference in the 
number of cells in the spleens and thymuses of these 
mice. There are, furthermore, no differences in the 
expression of CD3, CD4, CD8, cell surface 
immunoglobulin (IgM), and MHC class I and II on 
splenic and thymic cell populations or on peripheral 
blood cells. However, MHC class II antigen expression 
on macrophages is reduced. Thus, IFN-y is not essential 
for the development of the immune system, and is not 
required for survival under  specific-pathogen-free 
conditions. The importance of IFN-y in the resistance to 
some virus infections is confirmed when mutant mice are 
infected with vaccinia virus. The early defense against 
vaccinia virus is severely defective: within the first few 
days after infection, virus replication is about three orders 
of magnitude above control values, resulting in death. 
With another virus, vesicular stomatitis virus, the course 
of infection is identical in wild-type and mutant animals, 
and the titers of neutralizing antibody that appear as a 
result of the infection are no different from those of 
control mice. As discussed in Section 5.5, IFN-y has been 
shown to be implicated in immunoglobulin isotype 
regulation, and it is therefore interesting that mutant 
mice have decreased total serum IgG2a concentrations, 
and, after immunization with the appropriate antigens, 
show decreased titers of hapten-specific IgG2a and IgG3 
antibodies. Significantly reduced IgG2a titers are also 
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observed after immunization with pseudorabies virus. We 
have seen in Section 5.2 that IFN-y plays a crucial role in 
the early defense against intracellular parasites. When 
infected with a dose of Listeria monocytogenes that does 
not kill wild-type animals, mutant mice succumb to the 
infection and the bacterial titers found in the livers and 
spleens of these animals are up to a 100-fold higher than 
those observed in the wild-type mice. Similarly, infection 
of mutant mice with a normally sublethal dose of 
Mycobacterium tuberculosis (BCG) results in a 
significantly enhanced mortality. 

As was discussed in Section 5.8, mononuclear 
phagocytes exert an important part of their antimicrobial 
activity via the synthesis of nitric oxide and possibly other 
reactive nitrogen intermediates, resulting from the 
induction of nitric-oxide synthase by IFN-y, and the 
generation of nitric oxide is severely decreased in mutant 
mice, as a result of which the infectivity of intracellular 
parasites is greatly enhanced in these animals (Kamijo et 


al., 1993). 


9. Interferon- in Disease and Therapy 


In mice, 1FN-y-mediated necrosis of small intestine has 
been proposed as a mechanism that underlies the genetic 
susceptibility of certain mouse strains to peroral infection 
with Toxoplasma gondii (Liesenfeld et al., 1996). 

Cachexia is a complex syndrome characterized by 
weight loss, anorexia, and anemia that is frequently 
associated with cancer and with some infectious diseases. 
Cytokines such as TNF-a and 1L-1 are involved in the 
pathogenic mechanism, but, as shown in a mouse model, 
IFN-y can also be involved in the pathogenesis of cancer- 
associated cachexia (Matthys et al., 1991a). Treatment of 
tumor-bearing mice with potent anti-IFN-y serum results 
in a significant inhibition of the wasting syndrome that 
accompanies tumor development, whereas, in contrast, 
the administration of IFN-y accelerates the weight loss of 
the animals (Matthys et al., 1991b). 

IFN-y has been implicated as a possible component of 
autoimmune disease. When administered to patients with 
multiple sclerosis, it accelerates the evolution of the 
disease. The presence of IFN-y producing lymphocytes in 
the pancreas of patients with recent-onset type 1 diabetes 
has been suggested to contribute to the pathogenesis of 
insulitis in type 1 diabetes in man (Foulis et al., 1921). 
IFN-y can also act as a potent inducer of HIV expression 
in monocytes, and may thus contribute to the 
pathogenesis of HIV-infection (Biswas et al., 1992). 

In man, two different mutations in the coding 
sequence of the IFN-y-receptor alpha chain have been 
reported, each one responsible for the synthesis of a 
truncated alpha receptor chain, resulting in the absence 
of a functional receptor. Individuals homozygous for 
such a mutation display a greatly enhanced susceptibility 


to mycobacterial infection (Jouanguy et al., 1996; 
Newport et al., 1996). 

Clinical trials with hIFN-y have shown its potential 
in the treatment of cutaneous and also visceral 
leishmaniasis. 
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l. Introduction 


The complex processes of development and homeostasis 
are mediated by a multiplicity of positive and negative 
regulators of cellular proliferation and differentiation. In 
1983 our laboratory focused on the systematic discovery 
of novel molecules that modulate the growth and 
differentiation of mammalian cells. By screening 
conditioned medium from cells and tissue extracts for 
growth modulatory activities, we succeeded in isolating 
and characterizing several new cytokines including 
human oncostatin M (OM) (Zarling et al., 1986). 
Human OM (hOM), a single-chain polypeptide, was 
originally identified for its growth inhibitory effects on 
human tumor cell lines and contrary growth stimulatory 
effects on several normal fibroblast lines. hOM was 
isolated from media conditioned by phorbol 12- 
myristate 13-acetate (PMA)-treated human histiocytic 
lymphoma cells (Zarling et al, 1986) and from 
phytohemagglutinin (PHA)-activated human T lympho- 
cytes (Brown et al., 1987). Recently, a protein was 
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purified from the conditioned medium of a HTLV Il- 
infected human T cell line on the basis of its ability to 
support the growth of cells derived from AIDS- 
associated Kaposi’s sarcoma (KS) and was found to be 
hOM (Nair et al., 1992). 

hOM isstructurally and functionally related toa family of 
hematopoietic and neurotropic cytokines whose members 
include leukemia inhibitory factor (LIF), interleukin-6 
(IL-6), granulocyte colony-stimulating factor (G-CSF), 
ciliary neurotropic factor (CNTF), myelomonocytic 
growth factor (MGF), interleukin-11 (IL-11), and 
cardiotropin (Bazan, 1991; Rose and Bruce, 1991; Pennica 
et al., 1994). Likewise, the cellular receptors for each of 
these factors share structural similarities, and the 1L-6 signal 
transduction subunit (gp130) asa common component(s) 
of the receptor complexes (Ip etal., 1992; Liu etal., 1992b; 
Taga etal., 1992; Davis et al., 1993; Stahl etal., 1993; Fann 
and Patterson, 1994; Gearing et al., 1994; Hirano et al., 
1990, 1994). 

In the following sections we describe the structure and 
regulation of expression of the gene for hOM; the 
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structure and biological responses associated with this 
protein; and the properties of the cellular receptors for 
hOM, including the current understanding of the signal 
transduction utilized by the receptors. Mouse oncostatin 
M has been cloned more recently (Yoshimura et al., 
1996) and is therefore less well studied and will be 
described separately. The final section discusses the basic 
biology of OM within the context of its role in 
homeostasis and pathological conditions and highlights 
potential therapeutic applications. 


2. The Cytokine Gene 


The human, simian, and bovine genes for OM are 
approximately 5kb in length (Malik et al, 1989, 
1992a,b). The human gene consists of three exons and 
two introns and the exon/intron boundary sequences 
conform to the AT-GT rule for nucleotides flanking 
eukaryotic exon boundaries. Within the first exon are the 
5 noncoding DNA, the translational initiation codon, 
and 10 amino acids of the hydrophobic signal sequence. 
The remaining 14 carboxy-terminal amino acids of the 
signal sequence and the 34 amino-terminal residues of 
the mature protein are encoded by the second exon. The 
third exon encodes the remaining 193 residues of the 
OM precursor and greater than 1 kb of the 3’ noncoding 
sequences present in the cDNA clone (Figures 27.1 and 
27.2). The structural organization of the OM gene 
shares homology with genes for LIF, IL-6, G-CSF, IL- 
11, CNTF, and MGF (Bazan, 1991; Bruce et al., 19O2b; 
Rose and Bruce, 1991). 


hOM is a single-copy gene located on chromosome 
22q12 within approximately 20 kb of the related LIF 
gene, suggesting that these two cytokines resulted from 
the duplication of a common ancestral gene (Giovannini 
et al., 1993a,b; Jeffery et al., 1993; Rose et al., 1993). 
hOM cDNA clones obtained from PMA-treated U937 
human histiocytic lymphoma cells have an open reading 
frame that contains 784 nucleotides and encodes a 
predicted protein of 252 amino acids of which 25 amino 
acids comprise the leader sequence (Malik et al., 1989). 
As with many other cytokines, the 3’ untranslated 
sequence contains five ATTTA repeats and a TTATTTAT 
octamer motif that are important in the regulation of 
mRNA stability (Shaw and Kamen, 1986). 

hOM mRNA has been detected in PMA-treated U937 
histiocytic lymphoma cells, PHA-treated T lymphocytes, 
activated macrophages and monocytes, and cells derived 
from AIDS-KS (Malik et al., 1989; Grove et al., 1991 
Miles et al., 1992). The major species of hOM mRNA is 
~2 kb in length; however, in PMA-treated U937 cells a 
minor truncated transcript of ~1 kb is also seen (Malik et 
al., 1989). In monocytes and T cells, hOM transcripts 
are first detectable 4h subsequent to exposure to 
phorbols, antigens, or mitogens and persists for about 
36 h, before declining to basal levels (Malik and Shoyab, 
unpublished results). 


3. The Protein 


Natural hOM, isolated from the conditioned medium of 
PMA-treated U937 lymphoma cells, and recombinant 


-23 ...GCGGGCCGGAGCACGGGCACCCAGC 


ATG GGG GTA CTG CTC ACA CAG AGG ACG CTG cTC Agtaagt...ccttag GT CTG GTC CTT GCA CTC CTG TTT CCA AGC ATG GCG AGC ATG GCG 78 
GCT ATA GGC AGC TGC TCG AAA GAG TAC CGC GTG CTC CTT GGC CAG CTC CAG AAG CAG ACA GAT CTC ATG CAG GAC ACC AGC AGA CTC CTG 168 
GAC CCC TAT gtaagc...cgccag ATA CGT ATC CAA GGC CTG GAT GTT CCT AAA CTG AGA GAG CAC TGC AGG GAG CGC CCC GGG GCC TTC CCC 246 
AGT GAG GAG ACC CTG AGG GGG CTG GGC AGG CGG GGC TTC CTG CAG ACC CTC AAT GCC ACA CTG GGC TGC GTC CTG CAC AGA CTG GCC GAC 336 
TTA GAG CAG CGC CTC CCC AAG GCC CAG GAT TTG GAG AGG TCT GGG CTG AAC ATC GAG GAC TTG GAG AAG CTG CAG ATG GCG AGG CCG AAC 426 
ATC CTC GGG CTC AGG AAC AAC ATC TAC TGC ATG GCC CAG CTG CTG GAC AAC TCA GAC ACG GCT GAG CCC ACG AAG GCT GGC CGG GGG GCC 516 
TCT CAG CCG CCC ACC CCC ACC CCT GCC TCG GAT GCT TTT CAG CGC AAG CTG GAG GGC TGC AGG TTC CTG CAT GGC TAC CAT CGC TTC ATG 606 
CAC TCA GTG GGG CGG GTC TTC AGC AAG TGG CGG GAG AGC CCG AAC CGG AGC CGG AGA CAC ACC CCC CAC CAG GCC CTG AGG AAG GGG GTG 696 
CGC AGG ACC AGA CCC TCC AGG AAA GGC AAG AGA CTC ATG ACC AGG GGA CAG CTG CCC CGG TAG CCTCGAGAGCACCCCTTGCCGGTGAAGGATGCGGCA 795 
OBE GETCTOTGGATGAGAGGAACCATCECAGGATGACAGCTCCCGGGTCCCCAAACCTGTTCCCCTCTGCTACTAGCCACTGAGAAGTGCACTTTAAGAGGTEGGAGCTECGCAGACeEC 915 
TCTACCTCCTCCAGECTEGGAGACAGAGTCAGECTGTTECGCTCCCACCTCAGCCCCAAGTICCCCAGGCCCAGTEEEETEGCCERECEGECCACECEGGACCORCTTCCATTGAT TEA 1035 
SEROSPETGATCACACAGGCTGACTCATEGCCEGECTGACTECCCCCCTECCTTGCTCCCCGAGECCTECCGSTCCTICCCTCTCATTGACTTGCAGSECCETTECCCCCAGACT TCC TCC 1155 
HEN CO TGRITETGAAGGGGAGGTCACAGCCTGAGC TEGCCTCCTATGCCTCATCATETCCCAAACCAGACACCTSGATGTCTGGGTGACCTCACTTTAGGCAGCTGTAACAGCGCCAGG eS 
SERTEEE AGERE CCTERTCCGGEGETCCAGGGAATGGAGC TCAGETCCCAGGCCAGCCC CGAAGTCGCCACGTGGCCTGGGGCAGGTCACTTTACCTCTGTGGACCTETTTTCTOT TTC 1855; 
BSBACETAGSGAGTTAGAGGCTGTACAAGGCCCCCACTGCC TETCGGTTGCTTGGATTCCCTGACGTAAGGTGGA TATTAAAAATCTGTAAATCAGCACAGCTEGTGCAAATEGCGCTEG Ss 
SBORESTACACGGAGGTCTC TOTAARAGCAGACCCACCTCCCAGCGCCGGGAAGCCCGTCTTGGTCCTCGCTECTGECTGCTCCCCCTEETEGTGCATCCTGGAATITTCTCACECAGG Poss 
HOS A TOOTO TCC TACAGOGCOTC TCAGAAAC TGC GRGGCCAGTTCCTIGSAGGGACATGACTAATPATCGATTITTATCAATTITTATCAGTTTTATATPTAPAAGCCET TTTATG 1755 
ATCTATATITAATGTTAATATTGTGCAAACTTATATTTAAAACTTGCCTGGTTTCTAAA. . . 1814 


Figure 27.1 


Consensus nucleotide sequence of oncostatin M cDNA (capitals), intron junction sequences (lower- 


case), and deduced protein amino acid sequence. Indicated are potential N-linked glycosylation sites (underlined), 
the signal peptide (black bars), the N-terminus of mature oncostatin M (*), and sequence motifs commonly found in 
3° noncoding regions of cytokine and lymphokine mRNAs (.__) and inflammatory mediator RNAs (~). 
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Figure 27.2 Molecular maps of human oncostatin M cDNA and gene. (a) Restriction map of the 1839 bp consensus 
cDNA, presented 5’ to 3’. The coding region is boxed; the position of the signal sequence is shaded. (b) Map of the 9 


kbp Hindili genomic fragment with the corresponding exons. The three known exons (I, Il, III) are boxed. The extents 
of the 5’ and 3’ exons have not been determined completely. Restriction enzyme sites: B, BamHI; G, Baill; E, EcoRI; 
P, Pvull; X, Xhol. 


hOM, produced by Chinese hamster ovary cells, are 
single-chain glycoproteins (Zarling et al., 1986; Malik et 
al., 1989, 1992a). Biochemical analyses of the natural 
and recombinant proteins have revealed that the mature 
molecule contains 196 amino acids (Figure 27.3). 
Molecular cloning and sequence analysis indicate that 
hOM is synthesized as a 252 amino acid precursor. A 
hydrophobic signal sequence of 25 amino acids is cleaved 
during post-translation processing, resulting in a pro- 
hOM protein of 227 amino acids (Figure 27.4). The 
mature hOM is generated from pro-hOM by cleavage of 
31 C-terminal residues of the pro-hOM at a trypsin-like 
protease cleavage site (Linsley et al., 1990). Pro-hOM 
has been reported to be as active in radioreceptor assays 
as the mature protein but shows 5—-60-fold less activity in 
growth inhibition assays (Linsley et æl., 1990). hOM has 
two potential N-linked glycosylation sites and several 
potential O-linked glycosylation sites. The role of 
oligosaccharides in hOM is unknown at present, but 
hOM molecules containing no oligosaccharides or only 
O-linked oligosaccharides are indistinguishable in growth 
inhibitory assays in vitro and show biological activity 7m 
vivo (our unpublished results). 

Human OM contains five cysteine residues, four of 
which form intramolecular disulfide bonds. The disulfide 
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Figure 27.3 OM biosynthesis. 


pair assignments are C-C?” and GPC KIES a 
al., 1991) and these cysteine residues are conserved in 
both the bovine and simian proteins. The fifth cysteine, 
Cys-80, is not involved in disulfide bond formation and is 
conserved only in the simian protein (Figures 27.3 and 
27.4) (Kallestad et al 1991). The overall sequence 
homology of hOM with bovine and simian OM at the 
amino acid level is 52% and 97%, respectively (Rose and 
Bruce, 1991; Malik et al, 1992a). Site-directed 
mutagenesis of the human protein has shown that the 
C-C!” disulfide bond is essential for the expression of 
biologically active protein, while the CC linkagens 
not required for functional activity (Kallestad et al., 
1991). These experiments also established that the hOM 
tertiary structure is influenced by residues on both sides 
of disulfide bond C*—-C'™, and that residues in a putative 
amphiphilic helix extending from Cys-167 to Ser-185 are 
essential for biological activity of hOM (Kallestad et æl., 
1991; Radka et al., 1994). 

The tertiary and quarternary structures of hOM have 
yet to be experimentally determined, but circular 
dichroism studies have shown that 50% of hOM residues 
are part of a-helical structures (Sporeno et al., 1994). 
However, it has been predicted by sequence and 
structure analysis that hOM exhibits a topology formed 
by a bundle of four antiparallel a-helices linked by three 
loops of variable length (Bazan, 1991; Rose and Bruce, 
1991; Sprang and Bazan, 1993). This is consistent with 
experimentally elucidated structures of growth hormone 
and LIF (De Vos et al., 1992; Robinson et al., 1994). 

The molecular mass of hOM, as determined by 
SDS-polyacrylamide gel electrophoresis under reducing 
or nonreducing conditions, is approximately 28 kDa. In 
contrast, gel permeation chromatography predicts a size 
of ~20 kDa (Zarling et al., 1986), suggesting that hOM 
is a compact single-chain protein. hOM protein is 
resistant to inactivation. It is stable in 1 M acetic acid, 
1M ammonium hydroxide, 6M urea, 0.01 M sodium 
metaperiodate, and at elevated temperatures (56°C for 
I h). However, the biological activity is not preserved 
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Figure 27.4 Amino acid sequence of OM. 


after exposure to trypsin for 90°C for 1h. hOM, at a 
concentration of 1 mg/ml, is stable for at least 2 years 
in 40% acetonitrile, 0.1% trifluoroacetic acid in water 
either at 4°C or -20°C. hOM retains its functional 
activity for at least 3 months in aqueous solution 
(~S mg/ml in phosphate-buffered saline) and, as a 
lyophilizate, is stable for a minimum of 6 months at 


=. 


4. Cellular Sources and Production 


Very few cell types have been shown to synthesize and 
secrete hOM. U-937 histiocytic lymphoma cells do not 
constituitively express hOM, but upon treatment with 
PMA these cells acquire many of the characteristics of 
macrophages and produce hOM (Zarling et al., 1986). 
Human macrophages, following stimulation with 
endotoxin also secrete hOM. Human T cells, either 
PHA-stimulated or chronically infected with one of three 
human retroviruses, including human immunodeficiency 
virus-1 (HIV), have hOM present in their conditioned 
media (Brown et al., 1987; Radka et al., 1993). The 
expression of hOM is not limited to hematopoietic 
lineages, as cells derived from AIDS-KS both make, and 
respond to, hOM (Nair et al., 1992). 


5. Biological Activity 


Human OM acts on many cell types, and elicits a variety 
of diverse responses. In vivo, the nature and magnitude 
of these responses is likely to be modulated by the cellular 
environment and the presence of other cytokines. 


5.1 GROWTH MODULATION AND 
CANCER 


The biological activity first associated with hOM was its 
ability to modulate the proliferation of mammalian cells 
(Zarling et al., 1986; Brown et al., 1987). Growth 
inhibition and morphological alteration are observed 
with many, but not all, human tumor cell lines derived 
from lung carcinomas, melanomas, breast carcinomas, 
ovarian carcinomas, and neuroblastomas (Horn et al., 
1990). However, hOM does not modulate the 
proliferation of cell lines derived from colon or prostate 
carcinomas 7 vitro, even though receptors for hOM are 
expressed on these cell lines (Horn et al., 1990). 
Recently, more detailed studies have shown that hOM is 
capable of preventing the responsiveness of breast cancer 
cells to a variety of mitogens (including epidermal and 
fibroblast growth factors) by interfering with transcrip- 
tion of the c-myc gene (Liu et al., 1996; Spence et al., 
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1997). hOM is also capable of acting in concert with 
other factors in tumor cell growth inhibition. hOM and 
tumor necrosis factor (TNF) each alone inhibit the 
proliferation of MCF-7 human breast carcinoma cells 
but, when combined, have synergistic antiproliferative 
effects (Todaro et al., 1989). A similar synergy is seen in 
the inhibition of growth of human melanoma cells when 
hOM is combined with transforming growth factor-B 
(TGF-B) (Brown et al., 1987). However, hOM and 
interferon-y (IFN-y) produce only an additive level of 
growth inhibition in the same cell type. The human 
melanoma cell line A375 is extremely sensitive to growth 
inhibitory effects of hOM and IL-6. An A375 variant, 
selected for its resistance to hOM, was resistant to the 
growth inhibitory effects of IL-6, suggesting a common 
pathway in the action of these two cytokines (McDonald 
et al., 1993). Recently, hOM has been implicated in the 
progression of malignant disease. It has been reported 
that human melanoma sensitivity to growth inhibition by 
hOM and IL-6 is diminished or lost with disease 
progression (Lu et al., 1993). Also, studies of the 
cytokine levels present in breast cyst fluids revealed a 
correlation between the hOM levels and the risk of 
developing breast cancer (Lai et al., 1994). 

Kaposi’s sarcoma, a rare malignancy of mesenchymal 
origin, is the most common neoplasm associated with 
HIV-infected patients (Rutherford et al., 1989; Ensoli et 
al., 1991; Miles, 1992). hOM acts as a potent mitogen 
and morphogen for AIDS-KS cells, and is required for 
long-term maintenance of KS cells in culture. 
Furthermore, KS cells in response to hOM also produce 
IL-6, which is mitogenic for these cells (Miles et al., 
1990). However, biological effects of hOM are not solely 
mediated through IL-6 since antibodies or 
oligonucleotides that inhibit IL-6 do not inhibit hOM- 
evoked responses. The majority of KS cell lines produce 
hOM. Therefore, hOM may play a role in the growth 
and progression of KS in an autocrine and/or paracrine 
fashion. 

hOM stimulates the growth of several other cell types 
including human fibroblasts (Zarling et æl., 1986), B9 
hybridoma cells (Barton et al, 1994), human 
plasmacytoma cells freshly isolated from a patient with 
multiple myeloma (Nishimoto et al., 1994), and 2 of 4 
human multiple myeloma cell lines (Zhang et al., 1994). 
Also, it has been reported that hOM can supplant LIF as 
a maintenance and renewal factor for embryonic stem 
cells (Rose et al., 1994; Yoshida et al., 1994). Embryonic 
stem cells cultured in the presence of hOM express stem 
cell-specific antigen, retain their characteristic 
morphology and proliferative capacity, and, most 
importantly, maintain their totipotent potential. The 
indirect effects of hOM on cell growth may not be 
limited to KS cells since IL-6, produced by hOM-treated 
cells, is capable of inhibiting the growth of carcinoma 
cells (Brown et al., 1991) and is mitogenic for myeloma 
cells (Zhang et al., 1994). Recently, hOM has been 


demonstrated to influence both the growth and function 
of bone-derived cells (Jay et al., 1996). 


5.2 HEMATOPOIESIS 


Administration of hOM to mice, dogs, or nonhuman 
primates results in marked stimulation of thrombopoiesis 
(Wallace et al., 1995a,b). hOM treatment increases 
peripheral platelet levels in a dose- and time-dependent 
manner without changing peripheral erythrocyte or 
leukocyte counts (Wallace et al, 1995a,b). In vitro 
studies of murine bone marrow cells revealed that hOM, 
in combination with IL-3, enhances murine megakaryo- 
cyte colony formation, though hOM alone has no effect 
on colony formation. In liquid cultures hOM increases 
the size and maturation of megakaryocytes both alone 
and when combined with IL-3. These results indicate 
that hOM acts as a maturation factor, potentiating the 
effects of IL-3, but lacks intrinsic colony-forming 
capacity. The related cytokines as IL-6, LIF, and IL-11 
each promote in vivo thrombocytopoiesis but with 
varying effects on cells from other circulating blood 
lineages (Gordon and Hoffman, 1992). hOM treatment 
results in accelerated platelet recovery of mice rendered 
thrombocytopenic by irradiation or cytotoxic drug treat- 
ment and prevents the decline in peripheral erythrocyte 
counts seen in control animals (Wallace et al., 1995a). 

Transgenic mice expressing bovine OM under the 
control of a T cell specific promoter were used to 
implicate OM as a factor regulating T cell development 
(Clegg et al, 1996). These and other studies 
demonstrated a novel thymus-independent pathway by 
which immature T cells can be produced by OM (Clegg 
et al., 1996). In vitro hOM has been found to act on 
human cells to induce the synthesis of growth factors 
which act upon hematopoietic progenitor cells. G-CSF, 
and GM-CSF (granulocyte-macrophage colony- 
stimulating factor) and IL-6 are produced by endothelial 
cells treated with hOM. In addition, IL-6 is secreted by 
other cell types in response to hOM, either alone or 
when combined with other factors (Richards and Agro, 
1994). Tissue inhibitor of metalloproteinases (TIMP-1) 
has been found to have erythroid potentiating activity 
(Murate et al., 1993) and can be upregulated in human 
cells by hOM (Richards and Agro, 1994). Certain human 
and murine cells of hematopoietic lineages are induced to 
differentiate by hOM (Bruce et al., 1992a). 


5.3 INFLAMMATION/ IMMUNE 
FUNCTION 


The expression of hOM by activated T cells and 
macrophages suggests that this protein would be present 
and function physiologically at sites of inflammation. A 
variety of in vitro and in vivo properties supports the 
notion that OM is a component ofa feedback mechanism 
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that orchestrates the return to homeostasis necessary 
following the induction and effector phases of 
injury/inflammation. The regulation of 1L-6 protein 
production by hOM, discussed earlier, may be important 
in regulating more than hematopoiesis. IL-6 is a 
multifunctional cytokine which influences both 
inflammation, by inducing acute-phase proteins, and 
immune response, by acting as a potent B cell mitogen 
(Hirano et al., 1990). In addition, other inflammatory 
cytokines can influence the production of 1L-6 by hOM. 
Tumor necrosis factor-a (TNF-a), but not IL-la, 
synergizes the 1L-6 induction in endothelial cells with 
hOM (Brown et al., 1991); this is despite the fact that 
IL-lo and TNF-o alone are each capable of causing 1L-6 
secretion. Synergy is also noted for 1L-6 production by 
fibroblasts treated with hOM and either 1L-la or 
prostaglandin E2 (Richards and Agro, 1994), 
Furthermore, 27 vivo injection of mice with hOM results 
in a dose-dependent increase of circulating bioactive 1L- 
6. LPS-induced TNF production can also be blocked by 
hOM treatment of mice (P.M. Wallace et al., manuscript 
in preparation). TNF and hOM also act in concert to 
upregulate 1L-6 production. Thus hOM is capable of 
modulating cytokine expression in vivo. The function of 
IL-1 is also modulated în vitro by OM, resulting in the 
attenuation of a pro-inflammatory cascade cytokine 
initiated by this molecule. The expression of 1L-8 and 
GM-CSF following the treatment of synovial and lung 
fibroblasts with 1L-1 is attenuated by hOM (Richards et 
al. 1996). 

Plasminogen activator (PA) activity, which influences 
cell migration and the activation of latent collagenases, 
has been shown to be increased on synovial fibroblasts by 
hOM (Hamilton et al., 1991). Likewise, hOM treatment 
of vascular endothelial cells results in a significant 
increase in PA activity (Brown et al., 1990). Conjointly, 
hOM inhibits upregulation on endothelial cells of class 1 
molecules by TNF-a and class 11 molecules by IFN-y 
(Brown et al., 1994). The constitutive expression of 
histocompatability antigens is unaltered by hOM. 

Human OM selectively regulates the expression of 
TIMP-1 by fibroblasts in cultures, as previously 
discussed. In addition to effects on erythropoiesis, 
TIMP-1 is a potent antagonist of matrix 
metalloproteinase (MMP) and is a factor controlling 
matrix integrity in chronic inflammation (Docherty et al., 
1992). This increase in TIMP-1 is in the absence of any 
changes in the MMP level, a finding differing from the 
results for other cytokines. Stimulation of TIMP-] 
production by hOM is also found in human articular 
cartilage (Nemoto et al., 1996). 

In response to injury, infection, and inflammation the 
scrum level of acute-phase proteins (APPs) is increased. 
These proteins function to inhibit the production and 
function of cytokines and proteases at sites of 
inflammation. hOM can induce the production of several 
APPs including haptoglobulin, QO, -antichymotrypsin, ,- 


acid glycoproteins, ,-protease inhibitor, and 
ceruloplasmin in HepG2 cells and o,-macroglobulin, 
thiostatin, and q,-acid glycoprotein in rat hepatocytes 
(Richards et al., 1992; Baumann et al., 1993; Richards 
and Shoyab, 1993). hOM is more potent in APP 
induction than either 1L-6 or LIF (Richards et al., 1992). 
Moreover, IL-1 or glucocorticoids synergize with hOM 
in APP induction, but hOM actions are only additive 
with 1L-6 and LIF (Richards and Agro, 1994). Several 
factors regulate the biosynthesis of APPs by hepatocytes 
(Koj, 1985; Gauldie et al., 1987; Baumann et al., 1989; 
Heinrich et al., 1990; Baumann and Schendel, 1991). 
Epithelial cells of various tigsues including bronchial, 
lung, colon, and breast cells have been found to produce 
acute-phase proteins (Cichy et al., 1995a,b). These cell 
types are acted upon to produce APPs by a more limited 
array of cytokines than hepatic cells, the most prominent 
to date being hOM. The local production of APPs by 
epithelial cells may play a more critical role than 
previously appreciated in limiting tissue damage and 
restoring homeostasis at sites of inflammation. Again, the 
effects of OM can be amplified by various pro- 
inflammatory cytokines and glucocorticoids. In vivo APP 
levels are increased in the blood of mice, dogs, and 
nonhuman primates shortly following the injection of 
hOM (Wallace et al., 1995b). 

Many cytokines, most notably TNF, and various 
protease have been implicated in most if not all 
inflammatory pathologies. Therefore, ability of OM to 
reduce the production and function of pro-inflammatory 
cytokines and to induce several protease inhibitors would 
be predicted to be beneficial at sites of chronic 
inflammation. Indeed, hOM is effective in inhibiting 
several animal models of human diseases including 
experimental autoimmune encephalomyelitis, murine 
colitis, and antibody-induced arthritis (Wallace et al., 
manuscript in preparation). These findings indicate that 
hOM may regulate immune and inflammatory responses 
either directly or as one component of a cytokine 
network. 


5.4 CHOLESTEROL METABOLISM AND 
ATHEROSCLEROSIS 


The low-density lipoprotein (LDL) receptors present on 
hepatic cells are central in cholesterol homeostasis and 
metabolism (Goldstein and Brown, 1985; Brown and 
Goldstein, 1986; Kovanen, 1987) and therefore in 
atherosclerosis. hOM acts upon the hepatoma cell line 
HepG2 to increase LDL uptake by upregulating the 
number of LDL receptors by a novel cholesterol 
independent mechanism (Grove et al., 199la,b). In 
conjunction with this, hOM significantly inhibits the 
synthesis of cholesterol in these cells (R. Grove, 
unpublished observations). Other OM-related cytokines 
such as LIF, 1L-6, CNTF, and G-CSF do not induce this 
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response. Furthermore, hOM stimulates proliferation 
and dramatically alters the morphology of rabbit aortic 
smooth-muscle cells (SMC) tn vitro, in a dose-dependent 
manner (Grove et al., 1993). Again, this response is 
limited to hOM, as other related cytokines do not affect 
the growth of these cells. These data suggest OM may be 
an important, naturally occurring mitogen for vascular 
SMC. lt may also be an important mitogen in the SMC 
proliferation responsible for the intimal thickening 
associated with atherosclerosis, especially in light of the 
presence of macrophages (a potential source of OM) 
within such lesions. Taken together, these findings 
indicate that OM may be involved in cholesterol 
homeostasis in vivo and in atherosclerosis. 


5.5 NEUROTROPIC EFFECTS 


Human OM has been shown to effect a measurable and 
reproducible increase in choline acetyltransferase (ChAT) 
activity and vasoactive intestinal peptide (VIP) levels in 
cultured rat sympathetic neuronal cells. However, CNTF 
or LIF produce more potent responses in this system 
(Rao et al., 1992). Additionally it has been reported that 
hOM, CNTF, and LIF each upregulate the expression of 
the neuropeptides and neurotransmitter synthesizing 
enzymes cholecystokinin, ChAT, enkephalin, somato- 
statin, substance P, and VIP in rat sympathetic neurons in 
culture. Again the action of hOM is less pronounced in 
comparison to that seen with CNTF or LIF (Fann and 
Patterson, 1994). IL-6 and IL-11 each weakly induce 
expression of substance P, but not of the other 
neuropeptides (Fann and Patterson, 1994). Exposure of 
the human neuroblastoma cell line NBFL to hOM can 
elevate the expression of VIP and c-fos gene. This 
transcriptional activation is equivalent to that seen with 
either LIF or CNTF (Rao et al., 1992). Other data on 
the neurotropic effect of hOM were recently reviewed 
(Vos et al., 1996). 


6. OM Receptors 


Oncostatin M receptors are present on many normal cell 
types including fibroblasts, hepatocytes, neuronal cells, 
vascular smooth-muscle cells, embryonic stem cells, and 
endothelial cells (Linsley et al, 1989; Grove et al., 
1991b, 1993; Gearing and Bruce, 1992). hOM has also 
been found to bind to a variety of carcinomas (Linsley eż 
al., 1989), myelomas (Zhang et al., 1994), and AIDS-KS 
cells (Soldi et al., 1994). These studies have revealed that 
hOM can bind to at least three distinct cell surface 
receptors. Two of the receptors, one of high and one of 
low affinity, cannot be competed by related cytokines. 
Therefore, these receptors are thought to be bound only 
by hOM, and will be referred to as the high- and low- 
affinity OM-specific receptors. A further, better defined, 


cellular receptor for hOM is also present on some cells. 
This receptor, first identified for its binding to LIF, in 
addition binds hOM. In cell types expressing this 
OM/LIF shared receptor, OM can reproduce the 
biological effects exerted by LIF. Human cells have been 
found to express OM-specific and/or shared receptors 
(Thoma et al., 1994). In contrast, to date, all binding to 
murine cells appears to be mediated by receptors of the 
shared type. The question as to the existence of a murine 
OM-specific receptor and whether human OM binds to 
murine OM-specific receptors is still unanswered. 


6.1 OM-SsPECIFIC RECEPTOR 
(TYPE II RECEPTOR) 


The existence of an OM-specific receptor is supported by 
the findings that (1) hOM is able to exert its effects on a 
number of cell lines that do not express functional LIF 
receptor (Bruce et al., 1992a) or respond to LIF (Liu et 
al., 1993; Piquet-Pellorce et al., 1994; Soldi et al., 1994) 
and (2) hOM binding cannot be competed by LIF 
(Bruce et al., 1992a; Thoma et al., 1994) or related 
cytokines (Bruce et al., 1992a). Of these receptors, 2—4% 
belong to the high-affinity class and the remainder of the 
receptors are of low affinity (Linsley et æl., 1989). High- 
affinity binding sites have K, values in the range 1-50 pM 
while those of low affinity are between 0.4-1 nM (Linsley 
et al., 1989; Brown et al., 1991). Generally, cells exhibit 
~5-10000 receptors, with the highest numbers having 
been measured on endothelial cells (100000 sites/cell), 
although biological responses occur on cells that have as 
few as 100 receptors/cell (Bruce et al., 1992a). 

Results obtained from binding, cross-linking, 
immunoprecipitation with anti-gp130 antibodies, and 
direct transfection experiments have revealed that hOM 
directly binds gp130 (Gearing et al., 1992; Liu et al., 
1992b). These findings are in contrast to the related 
cytokines IL-6, LIF, CNTF, and IL-11. However, anti- 
gp130 antibodies can block biological responses of all 
these cytokines (Liu et æl., 1992b; Taga et al., 1992). 
The transfection of gp130 into BAF cells (a murine pro- 
B cell line that neither expresses gp130 nor responds to 
hOM) results in only a single class of low-affinity binding 
sites (Liu et al, 1994), and chemical cross-linking 
experiments with radiolabeled hOM have revealed a 
180 kDa complex from BAF-m130 cells. However, when 
hOM was cross-linked to the responsive H2981 lung 
carcinoma cell line, known to express both low- and 
high-affinity OM receptors, two complexes of ~180 kDa 
and ~300 kDa were observed (Liu et al., 1994). Taken 
together, these results support the premise that gp130 is 
the low-affinity OM receptor and forms a component of 
the high-affinity receptor. The structure of gp130 has 
been well characterized. A type I membrane glycoprotein 
of ~130 kDa, it is a member of a receptor superfamily 
that is characterized by the conservation of four cysteine 
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residues and a WSXWS motif. The protein is almost 
ubiquitously expressed in cells (Saito et al., 1992; Taga 
and Kishimoto, 1992) and is highly conserved between 
species with a homology between human and murine 
gp130 of ~77% at both the DNA and protein levels (Hibi 
et al., 1990; Saito et al., 1992). The cellular receptor 
complexes for each of the OM-related cytokines IL-6, 
CNTF, and LIF have gp130 as a component. 

The molecular composition of the high-affinity 
receptor is unknown but studies to date suggest that one 
or more additional nonbinding affinity-enhancing 
subunits (AES) are required to interact with an 
OM/gp130 complex to generate the functional high- 
affinity OM-specific receptors. This would be consistent 
with the receptor structure of other members of the IL-6 
family of cytokines (Figure 27.5). Recent findings 
indicate that the generation of high-affinity functional 
receptors for IL-6, LIF, CNTF, OM, and IL-II all seem 
to involve either homo- or heterodimerization of gpI 30 
following interaction of each cytokine with a specific 
ligand-binding subunit (Liu et al., 1992b, 1994; Davis et 
al., 1993; Murakami et al., 1993; Stahl et al., 1923) In 
the case of IL-6 the complex is thought to be composed 
of a monomeric IL-6R subunit and a homodimer of 
gp130. For CNTF the complex apparently consists of a 
CNTER, a gp130, and a LIF receptor subunit (LIFR), 
while for LIF-holoreceptors, a gp130, a LIFR, and an 
affinity-enhancing subunit are components. The precise 
composition of the functional ternary receptor complex 
for OM is not yet known. However, we propose that the 
functional OM receptor complex is composed of a 
homodimer of gpI30 in association with a putative 
affinity-enhancing subunit that apparently facilitates the 


LIFHR 


OMHR IL-6HR 


CNTFHR 








S 
>I -ThE 
Ly ore 





Ss 
= 
© 
S 
ke 
U 
.2 
E 
uv) 
& 
Q. 
oO 
T 
ep N z a a 
TE TE TE Egg 
S&S 5 88 Se 588 
Figure 27.5 Schematic models of OM/LIF/IL-6/CNTE 
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and thin lines represent the conserved cysteines; Ç 
indicates GPI linkage: AES, affinity-enhancing subunit. 


OM-induced dimerization of gpI30 and maintains 
receptors in a high-affinity conformation (Figure 27.5). 
A preliminary report of the cloning of an affinity 
conversion subunit for the OMR, which is structurally 
related to LIFR, is consistent with this model (Mosley et 
al., 1994). 

It has been shown that hOM can antagonize the 
effects of IL-6. As gpI30 is a necessary part of a 
functional IL-6 receptor, these results suggest that hOM 
binding to gp130 allows it to sequestrate this protein and 
thus act as an antagonist for IL-6. This may also be true 
on cells that express other gpI 30-containing receptors. 
Such interactions would establish a form of cytokine 
hierarchy. However, owing to the-high concentrations of 
cytokine required in these studies, the physiological 
significance of the putative cross-talk between receptors 
is unclear. 


6.2 OM/LIF RECEPTOR 
(TYPE I RECEPTOR) 


Binding and competition experiments have demon- 
strated that hOM binds to the high-affinity LIF receptor 
complex, although with 5—I0-fold lower affinity than 
LIF (Gearing and Bruce, 1992). hOM does not directly 
bind to the ~190 kDa glycoprotein that constitutes the 
low-affinity LIF receptor subunit (LIFR) (Gearing et al., 
1991, 1994; Gearing and Bruce, 1992). However, 
gp190 expression in association with gpI30 generates 
very high-affinity sites for LIF and moderately high- 
affinity sites for hOM (Baumann et al., 1993; Gearing et 
al., 1994). The transfection of LIFR into cells expressing 
only gpI30 also confers biological responsiveness to 
hOM (Baumann et al., 1993). The K, of this interaction 
is ~l nM, making it intermediate in affinity between the 
OM-specific receptors. In cell types that contain this 
receptor, hOM can reproduce the biological effects of 
LIF. As expected from the relative affinities, higher 
concentrations of hOM, compared to LIF, are required 
to produce the same effects. 


/,  Sygnal Transduction 


Significant progress has recently been made in 
understanding the signal transduction events following 
the binding of OM to its receptors, although the 
complete details of the mechanism are not yet apparent 
(Stahl et al., 1993; Kishimoto et al., 1994). This is due, 
in part, to the signal transduction pathways used by OM 
being complicated by the existence of the different 
cellular receptors that may interact in a form of 
“cross-talk.” Beyond this, each receptor uses more than 
one pathway. 

Human OM, in common with other related cytokines 
that signal through gpI30, causes rapid tyrosine 


phosphorylation of several cellular proteins (Grove et al., 
Eolo peral. WOO 2eSchieventet al., 1992; Taga 
aa 1992: Yin eż al., 1992: Stahl et al., 1993: Akira et 
al., 1994; Boulton et al., 1994; Feldman et al., 1994; 
Lütticken et al., 1994; Narazaki et al., 1994; Thoma et 
al., 1994; Yin and Yang, 1994). This tyrosine 
phosphorylation is critical to the biological responses 
evoked by hOM (Grove et al., 1991b, 1993; Murakami 
pa 1991: Ip et al., 1992; Schieven et al., 1992; Yin 
and Yang, 1994). More detailed analysis of these 
phosphorylated proteins allowed the preliminary 
characterization of at least two distinct signal 
transduction pathways used by hOM, both of which are 
tyrosine phosphorylation dependent. 

The pattern of protein tyrosine phosphorylation has 
been compared for LIF and hOM using cell lines of 
human origin that express OM/LIF shared receptors, 
OM-specific receptors, or both. Analysis of the events 
following ligand binding revealed that both the OM- 
specific and OM/LIEF receptors each activate mitogen- 
activated protein kinases (MAPKs). MAPKs are 
important components of an intrasignaling cascade that 
links agonists-induced activation of intrinsic-receptor 
tyrosine kinases or receptor-associated intracellular 
tyrosine kinases to alterations in gene expression 
(Thomas, 1992; Blenis, 1993). Comparisons of the 
patterns of tyrosine phosphorylation and activation of 
MAPK identified qualitative differences between the 
responses elicited by the different receptors, even on the 
same cell types (Thoma et æl., 1994). The two types OM 
receptor complexes employ some common elements, but 
their signal transduction pathways are distinct and 
unique. This is despite gpl30 being a common 
component of both known OM receptors; thus the 
presence of other subunits modulates the gp130 
mediated signaling. In some, but not all, cases, the 
biological response correlated with the activation of 
MAPK and was inhibited by a MAPK inhibitor. 

The nature of the signals initiated by the human OM- 
specific receptor present on AIDS-derived KS ccll lincs 
has also been studied. hOM treatment causes the tyrosine 
phosphorylation and/or activation of a variety of 
substrates including phosphatidylinositol 3-kinase and src 
family kinases (Soldi et al., 1994), besides MAPK 
(Amaral et al., 1993). hOM binding to human umbilical 
vein cells, which also possess only OM-specific receptors, 
stimulates tyrosine phosphorylation in association with 
activation of the src-like tyrosine protein kinases p62” 
and to a lesser extent p59” (Schieven et al., 1992). In 
common with human cells, hOM treatment of murine 
3T3-L1 preadipocytes results in the phosphorylation of a 
variety of proteins and triggered the activation of 
MAPKs, as well as ribosomal S6 protein kinases (Yin and 
Yang, 1994). It was further demonstrated that the 
responses elicited by hOM or LIF were indistinguishable. 
When either IL-6 or IL-11 were used to treat these cells 
the results were identical, and overlapping with but 
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distinct from the LIF and hOM results, despite the fact 
that each factor elicits the same biological response and 
has gp130 as a component of the ccllular receptor. It is 
likely that the signals described for hOM in these studies 
are through the shared OM/LIF receptor, as no OM- 
specific receptor binding hOM has been idcntified in 
murine cells. 

The absence of a consensus kinase domain from the 
components of the holoreceptors implicates the 
involvement of nonreceptor tyrosine kinases in the 
signal-transduction pathways used by hOM. Moreover, 
members of the JAK family of tyrosine kinases associate 
with gpl30 homodimers and/or gp130-gp190 
heterodimers and undergo rapid activation following 
stimulation with OM and related cytokines. Also 
complexed with the receptor and nonreceptor tyrosine 
kinase are latent transcription factors. These factors are 
phosphorylated upon receptor ligation. This 
phosphorylation causes the proteins to form complexes 
and become active. They are then translocated to the 
nucleus (Akira et al, 1994; Boulton et al., 1994; 
Feldman et al., 1994; Liitticken et al., 1994) and, once in 
the nucleus, bind regulatory sequences within specific 
cellular genes modulated by OM. These genes are 
responsible for the biological responses ultimately 
manifested. The family of latent transcription factors of 
proteins are termed signal transducers and activators of 
transcription (STAT) and were initially characterized as 
molecules important in the regulation of IFN-induced 
responses (Hunter, 1993; Kishimoto et al., 1994; Mui 
and Miyajima, 1994; Shuai, 1994). In the IFN system 
the JAK family has proved to be responsible for the 
phosphorylation and activation of members of the STAT 
protein family (Darnell et al., 1994). It is therefore 
reasonable to assume the JAKs play a similar role in OM 
signaling. Though the JAK-STAT pathway is utilized for 
signal transduction by many cytokines, most notably in 
this instance IL-6, LIF, CNTF, and IL-11, it is clearly 
capable of generating a diverse array of biological 
changes. It is probable that this diversity is a result of 
differing patterns of JAK and STAT utilization. 

Little is known of the consequences of activation of 
OM receptors at the nucleus of responsive cells. EGR-J, 
c-jun and c-myc early rcsponse genes are rapidly and 
transiently elevated in response to hOM treatment of 
both murine leukemic M1 cells and human fibroblasts but 
not in OM-responsive melanoma cells (Liu et al., 1992a). 
In these studies it is unclear whether the different nuclear 
events reflect the different biological responses that occur 
following OM treatment. In studies of murine 3T3-L1 a 
common set of primary genes (EGR-1J, tisll and JunB) 
were activated by hOM and the related cytokines LIF, IL- 
ll, and IL-6 (Yin and Yang, 1994). Interestingly, 
activation of these nuclcar events was shown to be 
dependent on both serine/threonine and tyrosinc 
kinases, in contrast to the activation of MAPK, which was 
only dependent on tyrosine phosphorylation. Thus, 


410 M. SHoyaB, N. MALIK AND P.M. WALLACE 


eee 


MAPK or other serine/threonine kinases are involved in 
the induction of these genes. 

Upregulation of LDL receptors by hOM on HepG2 
cells was also accompanied by upregulation of EGR-I. In 
this instance elevation of EGR-I expression correlated 
with the biological response and required tyrosine 
phosphorylation, but not protein kinase C activation 
(Liu et al., 1993). EGR-I may act as the nuclear signal 
transducer utilized by hOM to induce transcription of 
the LDL receptor gene as the LDL receptor gene 
contains an EGR-I consensus sequence upstream of the 
transcription initiation site. These changes could not be 
reproduced by either LIF or IL-6. 

In summary, these data show that hOM utilizes at least 
two signal transduction pathways shared with other 
cytokines. One involving the activation of MAPKs and 
other triggered by IFNs and other cytokines. Further 
studies will be required to detail more carefully the events 
triggered by the two different receptors and correlate 
each signaling pathway with particular biological 
consequences. 


5. Mouse OM 


Murine OM (mOM) was recently cloned as a gene 
produced by myeloid and lymphoid cell lines in response 
to various cytokines including IL-2, IL-3, and 
erythropoietin (Yoshimura et al., 1996). mOM cDNA 
encodes a 263-amino-acid protein which shares 48% 
identity with hOM and 42% identity with bovine OM. 
The mouse and human proteins are structurally similar, 
having in common the four cysteine residues which form 
disulfides and a signal peptide for secretion. Both human 
and mouse proteins are expressed in a less biologically 
active pro-form which requires removal of C-terminal 
basic sequence, though the mouse has four repeating 
regulatory units in contrast to the human which contains 
one. 

The mOM gene is located on mouse chromosome 11 
proximal to the LIF gene, a location homologous to the 
human chromosomal location of 22q]12. Gene 
expression is seemingly regulated by a STATS 
recognition site 100 bases upstream of the transcription 
initiation site. mOM message has a limited tissue 
expression, being detected by northern blotting in bone 
marrow, and at a much lower level in the spleen. The 
cloning of the mouse gene will provide new insights into 
the physiological role of OM, following the generation of 
animals lacking the normal expression of this gene. 


9. OM tn Disease and Therapy 


The ability of hOM to stimulate hematopoiesis in animals 
and to upregulate the expression of IL-6, G-CSF, GM- 


CSF, and TIMP by mesenchymal cells suggests that it 
may have clinical applications. Various cytopenias 
associated with bone marrow transplantation, chemo- 
therapy, antiviral agents, and HIV infection remain major 
clinical problems. Acceleration of the recovery of 
platelets and T cells has proved the most intractable 
problem clinically to date. Therefore hOM, alone or in 
combination with other factors, may be beneficial in 
treating platelet and/or T cell deficiencies. The effects of 
hOM on both platelet and thymus-independent T cell 
production make it unique among the multitude of 
factors influencing hematopoiesis. 

The most promising clinical opportunity and the one 
which may best exploit the normal.physiological function 
of this protein is the treatment of chronic inflammatory 
diseases. The use of a variety of cytokine inhibitors 
including antibodies, soluble receptors, and regulatory 
cytokines has identified a variety of diseases in which the 
properties of hOM might be beneficial. These include 
inflammatory bowel disease, rheumatoid arthritis, and 
multiple sclerosis, for each of which hOM has been 
effective in animal models. Other potential uses for hOM 
may include the treatment of malignancy, infection, 
septic shock, and cholesterolemia, and to promote 
wound healing. 

Human OM may contribute to a variety of 
pathological disorders. hOM is a potent mitogen for KS- 
derived cells and thus has been implicated to be 
important in KS pathogenesis. Accordingly, hOM 
antagonists are potential therapeutics for the treatment 
of KS (Miles et al., 1992). Since IL-6 is also a mitogen 
for these cells and gp130 is a shared and essential 
component of OM, IL-6, and LIF signaling pathways, 
the interruption of gp130-mediated signals may provide 
the most attractive therapeutic target. For example 
anti-gp130-neutralizing mAbs, antisense gp130 oligo- 
nucleotides, or soluble gp130 may be useful inhibitors of 
the growth of KS cells. Such antagonists may also be 
useful in the management of multiple myeloma as gp130 
signaling cytokines are present in this malignancy. In 
addition, it is likely that ectopic or excessive production 
of hOM is detrimental. Transgenic mice expressing 
bovine OM under the control of a variety of promoters 
have provided some insight into potential pathologies in 
which OM may be a contributory factor (Malik et al., 
1995). The use of a promoter that directed OM 
expression to multiple tissues (metallothionein pro- 
moter), or stratified epithelium (keratin-14 promoter), 
resulted in significantly reduced numbers of offspring 
(0.8% and none, respectively) than expected statistically 
(25%). Directed by the insulin promoter, expression of 
OM in the pancreas resulted in significant pancreatic 
fibrosis, acinar atrophy, and adema, though presumably 
without compromise of islet function as animals were not 
hyperglycemic. Neuron-specific expression was also 
detrimental, resulting in the runting of animals, severe 
tremors, ataxia, and early mortality not seen in control 
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littermates. OM may also be one of many factors that is 
involved diseases with excessive deposition of connective 
tissue, as seen in scleroderma. Further clinical studies are 
needed to define more clearly the influence of hOM in 
disease. Pleiotropic cytokines invariably present a wide 
array Of potential therapeutic opportunities. However 
the clinical potential can only be realized in light of the 
toxicities and side-effects of hOM. 


10. Notes Added in Proof 


The recent cloning of the affinity enhancing subunit of 
the hOM-specific receptor (Mosley et al., 1996) has lead 
to significant advances in understanding the function and 
signaling of the OM-specific and OM/LIF receptors 
(Auguste et al., 1997; Ichihara et al., 1997; Korzuset et 
al., 1997; Kuropatwinski et al., 1997). The OM-specific 
receptor is now referred to as the Type II OM receptor 
and the OM/LIF receptor as the Type I OM receptor 
(Mosley et al., 1996). In addition OM is expressed at 
high levels in the rat testis during several stages of 
development and increases survival of Sertoli cells, 
supporting a role for this protein in spermatogenesis (de 
Miguel et al., 1997). Analysis by N.M.R. of a mutated 
hOM protein (in which potential glycosylation sites and 
cysteine 80 were modified to alanine) is consistent with a 
four-helix bundle structure (Hoffman et al., 1996). 
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l. Introduction 


Although transforming growth factor-B, (TGF-B,) was 
originally named for its ability to reversibly cause a 
phenotypic transformation of rat fibroblasts (Moses et 
al., 1981; Roberts et al., 1981), numerous bioassays 
describing cartilage inducing factor (Seyedin et al., 
1985), glioblastoma immunosuppressive factor (de 
Martin et al., 1987), myoblast differentiation inhibition 
factor (Florini et al., 1986, Massague et al., 1986), and 
epithelial growth inhibitor (Holley et æl., 1980) were 
found to be measuring the same TGF-B protein. Despite 
the fact that oncogenic transformation is one of the few 
biological activities that TGF-B does not stimulate, the 
misleading name has stuck. 
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In addition to being multifunctional, TGF-B is a 
member of a large family of factors with widely diverse 
activities. The TGF-B superfamily was first recognized in 
the late 1980s (Massague, 1987; Sporn et al., 1987). 
Since then, the superfamily has grown to more than 25 
members, with some of the molecules being grouped 
into four distinct subfamilies owing to highly related 
structures (for recent reviews, see Kingsley 1994; 
Massague, 1990; Roberts and Sporn, 1990). 
Information concerning the structure, expression, 
function, receptors, and mechanism(s) of action of the 
family members is accumulating at an explosive pace. 
Herein, our remarks will be limited to the current 
information pertaining to TGF-B, and, where needed, its 
mammalian counterparts, TGF-B, and TGF-B;. 
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2. The Cytokine Gene Family 


Multiple species of TGF-B which are encoded by differ- 
ent genes have been identified. TGF-fs are disulfide- 
linked polypeptide dimers of molecular mass 25 000 kDa. 
Each mature chain is 112 amino acids in length and is 
derived from a larger precursor. At least three genes 
encode TGF-ß precursors in mammalian genomes (TGF- 
Bi, B2, and B3). TGF-B,, B,, and B, each have a single gene 
located on a separate chromosome in humans (19q13.1 
(Fujii et al., 1986), 1q41, and 14q23 (Barton et al., 
1988), respectively). 


2.1 GENOMIC ORGANIZATION OF THE 
TGF-B, GENE 


The human TGE-B, precursor is encoded by seven exons 
(Derynck et al., 1987; see Figures 28.1 and 28.2). The 
similarity of their seven-exon structures and the high 
degree of conservation of their exon/intron borders 
(6/7 are identical between TGF-B, and B, (Derynck et 
al., 1988)) indicate that these genes are derived from a 
common ancestor. The very large introns have not been 
completely sequenced and the exact gene size remains 
unknown. TGF-Bs have unique 5’ long untranslated 
regions (UTR). For TGF-B,, there are regions of 841 
untranslated base pairs and 50 untranslated base pairs in 
exon / (Figure 28.1). In contrast to TGF-B, and 8, 
promoters, B; does not have a traditional “TATA” 
sequence. Instead, just upstream of the first transcrip- 
tional start site, the TGF-B, promoter has a very GC-rich 
region with several Spl binding sites. 


2.2 TRANSCRIPTIONAL CONTROL 


TGF-B,, B,, and B, each express a predominant mRNA of 
distinct size (2.4 kb, 4.1 kb, and 3.5 kb, respectively). 
While there is evidence for alternative splicing with each 
isoform (i.e., activated T cells produce a 1.9 kb mRNA), 
the significance of such splicing is not known. 

The promoter region of each mammalian TGE-B gene 
displays distinct regulatory elements, suggesting that 
expression of each isoform can be independently regulated 
(Lafyatis et al., 1990). Indeed, the production of each 
isoform can be stimulated by a specific set of agonists both 
in vivoand in vitro. For example, phorbol myristate (PMA) 
stimulates TGF-8, production and retinoic acid stimulates 
TGF-B,. Also, TGF-B; upregulates its own expression 
(Van Obberghen-Schilling et al., 1988), while other 
isoforms have more complex patterns of regulation 
(Bascom et al., 1989). Both TGEF-B, and PMA increase c- 
jun and c-fos expression which activates TGF-B, 
transcription by binding to AP-] sites in the TGF-B, gene 
promoter (Kim et al., 1989, 1990). This autoinduction 
mechanism is important in the accumulation of TGE-fs at 
sites of injury but can lead to the pathobiology of TGE-Bs 


(Border and Noble, 1994; Wahl, 1994). 1n contrast, TGF- 
B, and B, promoters are regulated by cAMP-responsive 
(CRE) and AP-2 binding sites. This diversity increases the 
specificity and regulatory flexibility of the TGF-B system 
(Li et al., 1990). In addition, post-transcriptional control 
of TGF-B zz vitro has been shown. T cells can be induced 
to express TGF-B mRNA shortly (2 h) after activation. 
However, secreted TGF-B is not detected in the culture 
supernatants until 3-4 days after activation, suggesting 
that TGF-B production is post-transcriptionally regulated 
(Kehrl et al., 1986). 


3. The Protein 


The TGF-B, precursor is 390 amino acids (aa). The 
organization of the mammalian isoforms is outlined in 
Figure 28.3(a). All the potential N-linked glycosylation 
sites lie outside the bioactive domain. The TGE-f, 
precursor contains an amino-terminal hydrophobic signal 
sequence (aa 1-23) for translocation to the endoplasmic 
reticulum to undergo exocytosis. The proregion (aa 
24-278) guides the correct folding and disulfide 
bonding of the bioactive domain during TGF-B synthesis 
(Gray and Mason, 1990). The bioactive domain (aa 
279-390) is the carboxy-terminus of the precursor, 
preceded by a sequence of four basic amino acids which 
form the cleavage site. Intracellular proteolytic cleavage 
probably occurs by a furin peptidase after dimerization of 
the precursors (Dubois et al., 1995). Active TGF-B is 
usually a homodimer but naturally occurring TGE-6);B. 
and [3,,B, heterodimers can also be found. 

The amino acid sequences of all three TGE-B isoforms 
are strictly conserved; there is 98-100% identity between 
chicken and human. The evolutionary pressure to retain 
such a degree of conservation suggests that the functions 
of each isoform are critical. The degree of homology of 
the bioactive domain between the three human isoforms 
ranges from 70% to 80%, with much greater sequence 
divergence in the precursor region (Figure 28.3(b)). 

A monomer of active TGF-B contains nine cysteines 
with conserved spacing which are required for biological 
activity. They form four interior intrachain disulfide 
bonds (C -0c lags C™=Cc' nd ¢ cu ) and an 
interchain disulfide bond (C”’; Figure 28.4). 

The crystal structure of TGF-B, has been solved and 
reveals that six of the cysteines form a rigid central 
structure known as a cysteine knot (Daopin et al., 1992; 
Schlunegger and Grutter, 1992) (Figure 28.5) Wins 
singular motif is an 8-amino-acid ring enclosed by two 
cysteine disulfide bonds with a third bond threaded 
through the ring. This ring locks four segments of the 
twisted antiparallel B-sheets, which extend from the knot 
like two fingers, and an a-helix that extends Opposite to 
the fingers, like the palm of a hand. The remaining 
cysteine forms a disulfide bond with the corresponding 
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S'UTR. 
ACCTCCCTCCGCGGAGCAGCCAGACAGCGAGGGCCCCGGCCGGGGGCAGGGGGGACGCCCCGTCCGGGGCACCCCCC 
CGGCTCTGAGCCGCCCGCGGGGCCGGCCTCGGCCCGGAGCGGAGGAAGGAGTCGCCGAGGAGCAGCCTGAGGCCCCA 
GAGTCTGAGACGAGCCGCCGCCGCCCCCGCCACTGCGGGGAGGAGGGGGAGGAGGAGCGGGAGGAGGGACGAGCTGG 
TCGGGAGAAGAGGAAAAAAACTTTTGAGACTTT ICCGTTGCCGCTGGGAGCCGGAGGCGCGGGGACCTCTTGGCGC 
GACGCTGCCCCGCGAGGAGGCAGGACTTGGGGACCCCAGACCGCCTCCCTTTGCCGCCGGGGACGCTTGCTCCCTCCC 
TGCCCCCTACACGGCGTCCCTCAGGCGCCCCCATTCCGGACCAGCCCTCGGGAGTCGCCGACCCGGCCTCCCGCAAA 
GACTTTTCCCCAGACCTCGGGCGCACCCCCTGCACGCCGCCTTCATCCCCGGCCTGTCTCCTGAGCCCCCGCGCATCC 
4 : TAGACCCTITCTCCTCCAGGAGACGGATCTCTCTCCGACCTGCCACAGATCCCCTATTCAAGACCACCCACCTTCT 
GGTACCAGATCGCGCCCATCTAGGTTATT TCCGTGGGATACTGAGACACCCCCGGTCCAAGCCTCCCCTCCACCACT 
GCGCCCTT CT CCCTGAGGACCTCAGCTT TCCCTCGAGGCCCTCCTACCTTT TGCCGGGAGACCCCCAGCCCCTGCAGG 
GGCGGGGCCTCCCCACCACACCAGCCCTGTTCGCGCTCTCGGCAGTGCCGGGGGGCGCCGCCTCCCCC 
1. exon]. 
ATGCCGCCCTCCGGGCTGCGGCTGCTGCTGCTGCTGCTACCGCTGCTGTGGCTACTGGTGCTGACG 
CCTGGCCGGCCGGCCGCGGGACTATCCACCTGCAAGACTATCGACATGGAGCTGGTGAAGCGGAA 
GCGCATCGAGGCCATCCGCGGCCAGATCCTGTCCAAGCTGCGGCTCGCCAGCCCCCCGAGCCAGGG 
GGAGGTGCCGCCCGGCCCGCTGCCCGAGGCCGTGCTCGCCCTGTACAACAGCACCCGCGACCGGGT 
GGCCGGGGAGAGTGCAGAACCGGAGCCCGAGCCTGAGGCCGACTACTACGCCAAGGAGGTCACCC 
GCGTGCTAATGGTGGAAACCCACAACGoatgagctcggaggggcaggggagecgggaggggggcececccagggggcege 
exon 2 
gatcgcctcccttcatttctccctgctagAAATCTATGACAAGTTCAAGCAGAGTACACACAGCATATATATGTT 
CTT CAACACATCAGAGCTCCGAGAAGCGGTACCTGAACCCGTGTTIGCTCTCCCGGGCAGAGCTGCG 
TCTGCTGAGGCTCAAGT TAAAAGTGGAGCAGCACGTGGAGCTGTACCAGgtgaggacatgagccagaaggaagg 
tcagggcatgggctggagagggtga 
exon 3 
tcgtgacaccatctacccactgtctctctcctgccttcatcatcctctagAAA TACAGCAACAATTCCTGGCGATACCTCAGC 
AACCGGCTGCTGGCACCCAGCGACTCGCCAGAGTGGTTATCTTTTGATGTCACCGGAGTTGTGCGGC 
AGTGGTIGAGCCGTGGAGatgaggattacttgtgtgtcccacccctgttttctccctggggtccaccc 
exon4-5 
gctgggtgagctgcactctcagactggcttccctctcgccactcctacagGGGAAATTGAGGGCTTTCGCCTTAGCGCCCACT 
GCTCCTGTGACAGCAGGGATAACACACTGCAAGTGGACATCAACGotgaggcctgcttccccggccatgceccagtt 
gtgacgtgtgtgcgtgtgtgtgttcccatctgccccacgcecccacttatctatccctctgagagtgtgtgtgtatgtcccctatcccctgactcccacacaa 
agcagGGTTCACTACCGGCCGCCGAGGTGACCTGGCCACCATTCATGGCATGAACCGGCCTTTCCTGC 
TI CTCATGGCCACCCCGCTGGAGAGGGCCCAGCATCTGCAAAGCTCCCGGCACCGCCGAGCCCTGGA 


CACCAACTATIGCTTCAGatgagccttgtagcectggatggaggcecttccaggctgggggcatgactge 


Exon 6 

tctatggtggtageccctccctgeccctgatgegtctctectgcectgcagC TCCACGGAGAAGAACTGCTGCGTGCGGCAGCTG 
ACATIGACT) AAGGA TGGAAGTGGA ACGAG AAGG ACCA AA 
] IGCCCTG ACA AGA JACA AGTACAGCAAGgtacgtctggccaccgggc 


tacgagatgcgcttggggggagccaggacg 

exon 7 and 3'-flanking region 
TITTCCTCCCTCCACGAGCCCTGAGCCCTGACCCCGCCCGCCGCCCGCAGGICCTGGCCCTGTACAACCAGCAT 
ave IGG GGC 3 CGT ICAGGCGC 2 ATHGTGTACT 
ACGT AAGCCCAAGG AGCA GTCCAACATGAT: : T AAGTGCAGCTG 
AGGTCCCGCCCCOGCCCCGCCCCGCCCCGGCAGGCCCGGCCCCACCOCGCCEOCECOCOOEGCTGCCTTGCOCATGGGGGCT 
GTATTTAAGGACACCCGTGCCCCAAGCCCACCTGGGGCCCCATTAAAGATGGAGAGAGGACTGCGGATCTCTGTGTC 
ATTGGGCGCCTGCCTGGGGTCTCCATCCCTGACGTTCCCCCACTCCCACTCCCTCTCTCTCCCTCTCTGCCTCCTCCTG 
CCTGTCTGCACTATICCTT TGCCCGGCATCAAGGCACAGGGGACCAGTGGGGAACACTACTGTAGTTAGATCTATTT 
ATTGAGCACCTTGGGCACTGTTGAAGTGCCTTACATTAATGAACTCATTCAGTCACCATAGCAACACTCTGAGATG 
CAGGGACTCTGATAACACCCAT TT TAAAGGTGAGGAAACAAGCCCAGAGAGGTTAAGGGAGGAGTTCCTGCCCACC 
AGGAACCTGCTTITAGTGGGGGATAGTGAAGAAGACaataaaAGATAGTAGT TCAGGCCAGGCGGGGTGGCTCACGCCT 
GTAATCCTAGCACTTTTGGGAGGCAGAGATGGGAGGATTACTTGAATCCAGGCATT TGAGACCAGCCT GGGTAACA 
TAGTGAGACCCTATCTCTACAAAACACTTT TAAAAAATGTACACCT GTGGTCCCAGCTACTCTGGAGGCTAAGGTG 
GGAGGATCACTTGATCCTGGGAGGTCAAGGCTGCAG 


Figure 28.1 Gene sequence of the human TGF-B, gene. The seven exons of the human TGF-B, gene are indicated in 
the figure in capital letters. The untranslated region is in capitals while the coding region is in bold capitals with the 
coding region of the active mononer in underlined bold capitals. The flanking equences of the six introns (Derynck et 
al., 1987) are in lowercase letters. The polyadenylation signal is in underlined small letters and the adenylated A is an 
underlined capital letter. 


cysteine in the other monomer. The two monomers in an 4 Cellu lar Sources an a Pro duction 


active complex are oriented flat antiparallel to each other, l 
with the inner surface of the fingers of one monomer While most if not all mature cells produce at least one of 
forming hydrophobic contacts with the palm of the other the TGF-ß isoforms, enhanced TGF-B expression in the 


monomer adult occurs during processes such as tissue repair, bone 
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Figure 28.2 Intron—extron structure of the human TGF-B, gene. The solid region corresponds to the bioactive 
domain of the precursor and striped region corresponds to the pro-region. It is divided into seven introns and six 
introns (Derynck et al., 1987). Arrows indicate the polyadenylation signal. (From Roberts et al., 1988.) 
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Figure 28.3 The structure of the TGF- precursor. (a) 
The general structure of the TGF-8 precursor molecule. 
(b) Regions of homology between the mammalian TGF-B 

isoforms. PRE = leader signal (aa 1-23); PRO 
precursor/latency associated peptide (aa 24-278); 
active monomer (aa 279-390). The black bars indicate 
sequence homology between TGF-B8,, B, and B,. (From 
Wakefield et al., 1991.) 


remodeling, and inflammation (Wahl, 1992). TGEF-B is 
also stored at high levels in the alpha granules of blood 
platelets (Assoian and Sporn, 1986), which, along with 
inflammatory cells (Assoian eż al., 1987), can deliver it to 
sites of tissue injury where it can bind to fibronectin 
(Mooradian ez al., 1989). 


4.1 TGF-B: LATENCY AND 
ACTIVATION 


Uniquely among cytokines, TGF-B is predominantly 
secreted from cells or released from platelets as an 
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Figure 28.4 The primary and secondary structure of the 
TGF-B, protein. Cysteine residues are indicated in black 
along with the four intrachain and one interchain 
disulfide bonds. 





Figure 28.5 The three-dimensional structure of TGF-B.. 
A schematic diagram of a TGF-B, subunit showing the 
helix bundle formation (a = a-helices; B = B-sheets) 
(Daopin et al., 1992). (Figure kindly provided by Peter 
Sun (aka Sun Daopin).) 


inactive or latent complex that is unable to bind to its 
receptor (Pircher et al., 1986). The latent complex 
consists of a mature dimer plus two  pro-region 
peptides (called latency-associated peptides, LAP) 
noncovently linked to each other (Gentry ez al., 1987). 
An additional complexity is that the LAPs in the latent 
complex can be disulfide-linked to a glycoprotein of 
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125-190 kDa (Miyazono and Heldin, 1989). This 
protein, known as “latent TGF-8 binding protein” 
(LTBP) contains multiple epidermal growth factor-like 
repeats in tandem as its distinctive feature (Kanzaki et 
al., 1990; Tsuji et al, 1990). LTBP does not bind 
TGF-B directly, but it may enhance release and activate 
latent forms (Miyazono et aly 1991; Flaumenhaft et 
al., 1993). 

The mechanism(s) that activates TGF-B zm vivo is not 
known, but may be enzyme mediated. In vitro, there is 
evidence that the proteolysis by plasmin or cathepsin D, 
heat treatment, extremes of pH, or chaotropic agents 
can activate TGF-B (Lyons et al., 1990). Endothelial 
cell cultures can activate latent TGF-B, but only in 
contact with vascular pericytes (Antonelli-Orlidge et al., 
1989). Similarly, primitive thymocytes activate latent 
TGF-B, but only in contact with CD8* T cells 
(Mossalayi et al., 1995). This interaction may be 
mediated by mannose 6-phosphate (man-6-P) residues 
in the pro-region, which tether the complex to the cell 
surface man-6-P receptors as a requisite for activation 
in vivo (Kovacina et al, 1989; Dennis and Rifkin, 
1991). This, however, is not sufficient, because many 
cells that express man-6-P receptors fail to activate 
latent TGF-B. Urokinase-type II plasminogen activator 
must also bind to its receptor. Transglutaminase and 
LTBP are needed for optimal activation, suggesting 
that several molecules must be present on the cell 
surface of endothelial cells and macrophages for 
activation (Nunes et al., 1995). 

Activated TGEF-B can bind to various extracellular 
matrix components such as B-glycan (Andres et al., 
1989), endoglin (McAllister et al., 1994), and decorin 
(Yamaguchi et al., 1990). Clearance of TGF-B by 
binding to o,-macroglobulin is extremely rapid, (<3 min) 
(O’Conner-McCourt and Wakefield 1987; LaMarre et 
al., 1991). Thus, the availability of active TGF-B is likely 
very transient and probably restricted to the local 
environment. 


5. Biological Activity: Multifunctional 
Regulation 


The extraordinary ability of TGF-B family to affect 
diverse functions in cells from virtually every lineage is 
unparalleled. These cellular responses mediated by TGF- 
B fall into four main categories: proliferative responses, 
effects on cell differentiation; effects on differentiated 
functions; and responses involving extracellular matrices. 
TGE-B can also regulate apoptosis (Havrilesky eż al., 
1995; Zhange et al., 1995). Furthermore, effects of 
TGE-B in vitro can be positive or negative depending on 
the cell type, state of differentiation, and culture 
conditions. The biological functions of TGF-B on various 
cell types have been the subject of several recent 


comprehensive reviews (Massague, 1990; Roberts and 
Sporn, 1990) and will be covered here only in general 
terms. 


5.1 CELLULAR PROLIFERATION 


The effect of TGF-B on cell growth is inhibitory, in 
most cell types, particularly epithelial (Silberstein and 
Daniel, 1987), endothelial (Heimark et al., 1986), 
lymphoid (Ruscetti and Palladino, 199I), and 
hematopoietic (Keller and Ruscetti, 1992). Cases in 
which this factor acts as a growth promoter are relatively 
few, and in most of them the effect of TGF-B may be 
indirect (Leof et al., 1986; Battegay et al., 1990), by 
stimulating the production of mitogens or their 
receptors. It is the growth inhibitory effects of TGF-B 
that have attracted the most research because effects like 
morphogenesis, immunosuppression, and tumor 
suppression are largely a result of its antigrowth 
function. The mechanism(s) by which TGF-B regulates 
growth inhibition are not completley known but clearly 
involve cell cycle regulation. Recent evidence suggests 
that TGF-B and immunosuppressor drugs like FK506 
and rapamycin share the same signal transduction 
pathways (Wang et al, 1994). Similar positive and 
negative effects of TGF-B on cellular function have been 
shown. In-depth reviews of this and the response of 
individual cell and tissue types to TGF-B have been 
published (Roberts and Sporn, 1990; Ignotz and 
Massague, 1990). 


5.2 CELL-ENVIRONMENTAL 
INTERACTIONS 


Many cellular processes such as migration, chemotaxis, 
homing, tissue formation, repair, remodeling, and 
wound healing depend upon complex interactions 
between cells and extracellar matrices. TGF-B, regulates 
the adhesiveness of cells at many levels. These include: 
increased synthesis of extracellular matrix protein 
expression; control of matrix-degrading proteases and 
protease inhibitors; and increased expression of cell 
surface receptors (integrins) for cell adhesion proteins 
(Ignotz and Massague, 1987). 

Moreover, cell surface expression of growth factor 
receptors can be downregulated by TGF-B. In 
fibroblasts EGF receptors (Takehara et al., 1987), in 
lymphoid cells the y chain of the IL-2 receptor 
(Espinosa-Delgado et al., 1994), and in hematopoietic 
cells several receptors, including SCF, IL-3, and GM- 
CSF receptors (Jacobsen et al, 1993), are 
downregulated by TGF-8. This regulation can be 
transcriptional as in case of the 1L-2 receptor (Bosco et 
al., 1994) or post-transcriptional as in case of the SCF 
receptor (Dubois et al., 1994). 
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0. The Receptors 


Despite the fact that there are many proteins which bind 
TGF-B, its biological activities are signaled by binding 
two transmembrane proteins designated TGF-B receptor 
types I and II (TBR-I and TBR-II) (for recent reviews see 
Derynck, 1994; Kingsley, 1994; Massague et al., 1994). 
These are transmembrane serine/threonine kinases 
distinct from the transmembrane tyrosine kinases used by 
many of the mitogens, whose action TGF-ßB opposes. 
TBR-I and TBR-II have a cysteine-rich extracellular 
domain, a single transmembrane region, and a 
cytoplasmic kinase domain (Figure 28.6). The large 
numbers of cysteines in the extracellular domain with a 
cluster of three just upstream of the transmembrane are 
characteristic of all signaling receptors of the TGE-B 
superfamily. The type III receptor, a transmembrane 
proteoglycan, has a short, highly conserved cytoplasmic 
domain without an apparent signaling motif (Lopez- 
Casillas et al., 1993; Sankar et al., 1995), 

The cloned type II receptor (Lin et al., 1992) has a 
high affinity for TGF-B, and TGF-B, but not TGE-B,. 
High-affinity binding of TGF-B, type II receptor occurs 
in the presence of the type III (f-glycan) receptor 
(Lopez-Casillas et al., 1993). The presence of another 
type II receptor which binds TGF-B, with high affinity 
remains a possibility. The kinase domain of TBR-II is 
flanked by a spacer between the domain and the 
transmembrane region and has a carboxy-terminal tail 


Type Il 


NH, 





Extracellular 


(Figure 28.6). The kinase domains of the associated type 
II receptors of the superfamily show <40% amino acid 
sequence identity, suggesting that this divergence might 
be involved in conferring some signaling specificity. 
Several type I receptors have been cloned and their 
sequences form a distinct subfamily (Attisano et al., 
1993; Bassing et al., 1994; Ebner et al., 1993; Franzen et 
al., 1993). Distinct from type II receptors, their kinase 
domains are similar, with shorter cytoplasmic domains, 
and the spacer region contains a conserved SGSGGLP 
(GS) domain absent in the type II receptors. 
Additionally, type I receptors have a much shorter 
carboxy-terminal tail and the extracellular domain has a 
distinct clustering of five cysteines.» 

Surprisingly, type II receptors can bind ligand directly 
from the medium, while type I receptors can not 
(Massague et al., 1994). Type I receptors recognize 
ligand that is bound to type II receptors, with which they 
form a complex, probably a heterotetramer. Several type 
I receptors can bind TGF-B in this way. If distinct 
heterodimers have different functional specificities, this 
could provide another way of expanding the regulatory 
flexibility of TGF-B family. 


/.  Sugnal Transduction 


Both TBR-I and TBR-II are needed to generate an 
activated TGF-B receptor complex (Laiho et al., 
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Figure 28.6 The structure of the receptors for TGF-ß. Black bars represent characteristic three-cysteine clusters for 
both receptors (type I receptor has a unique five-cysteine cluster in the extracellular domain); the dotted region 
represents the transmembrane; and the cross-hatched region represents a characteristic type I receptor GS domain. 
The number of amino acids for each domain represents the human type | and type II TGF-8 receptor. Vertical boxes 
indicate the Ser/Thr kinase domain. 


1990b). TBR-II is phosphorylated on multiple serines 
and threonines partly through autophosphorylation. Its 
constitutively active kinase activity is not elevated by 
ligand binding. However, ligand bound to TBR-II is 
recognized by TBR-I, which is then recruited into the 
complex (Wrana et al., 1995). Once in the complex, 
TBR-I is phosphorylated by TBR-II at serine and 
threénine residues in the GS domain, located just 
upstream of the kinase domain of all type I receptors. 
Mutations that interfere with this phosphorylation block 
signal propagation (Wrana et al., 1992. TBR-I does not 
phosphorylate itself or the associated TBR-1I, but its 
kinase activity is essential for signaling (Bassing et al., 
1994), suggesting that TBR-I © signals by 
phosphorylating downstream substrates. A constitutively 
active TBR-I generates inhibitory responses when 
expressed in the absence of TGF-B and TBR-IJ (Wrana 
et al., 1995). 

In cells growth-inhibited by TGF-B, early mitogenic 
events are usually not affected by TGF-B (Chambard and 
Pouysseur, 1988; Like and Massague, 1986). The 
exceptions include (1) TGF-B activation of Ras and 
downstream components in epithelial cells (Mulder et al., 
1988); (2) TGF-B downregulation of c-myc mRNA in 
keratinocytes (Coffey et al., 1980) and T cell lines 
(Ruegemer et al, 1990); and (3) induction of 
phosphorylation of the transcription factor of cAMP 
response element binding protein (CREBP) (Kramer et 
al., 1991). Downregulation of c-myc may not be 
required for growth inhibition (Birchenall-Roberts et al., 
1996). 


7.1 SMAD PROTEINS AND TGF-B 
SIGNALING 


The Mad (mothers against decapentaplegic) gene in 
Drosophila and related Sma genes in Caenorhabolitis 
elegans are involved in signal by TGF-B family members 
(Sekelsky et al., 1995; Savage et al., 1996). Cloning of 
human homologs of Smadl has shown that these 
molecules are downstream effectors of TGF-B (Liu et 
al., 1996; Lechleider et al., 1996). Human Smad1, 2, 3 
and 5 are ligand specific docking proteins while Smad4 
is a common signaling component binding to other 
Smads (Zhang et al., 1996). Similarly to the STAT 
proteins involved in the cytokine mitogenic signaling, 
Smad proteins exist in the cytoplasm in inactive forms 
and are rapidly phosphorylated, leading to nuclear 
translocation after TGE-B binding. The homo- and 
heterodimerization of Smad proteins necessary for this 
activation remains to be determined. A new 
transcription factor with site-specific DNA binding 
activity has been found to form a complex with the 
Xenopus Smad2 TGE-B sigmal transducer (Chen et al., 
1996). There is a direct pathway from the cytoplasm to 
specific DNA binding in TGF-B-mediated transcription. 


TRANSFORMING GROWTH FACTOR B, 421 


Recently, Imamura et al. (1997) and Nakao et al. 
(1997) reported that Smad6 and Smad7 inhibit Smad 
based TGF-B signaling. Smad6 and 7 like Smad4 lack 
the carboxy-terminal phosphorylation site but unlike 
Smad4 can bind to type I receptors. Since these Smads 
cannot be activated by phosphorylation and released 
from the receptors, these Smads probably function by 
competitive inhihition. 


7.2 CELL CYCLE ARREST 


When added to exponentially growing cells, the 
inhibitory effects of TGF-B are marked by an inability of 
cells to enter the S phase of the cell cycle and the cells 
arrest at the G,/S boundary. As cells near the end of G, 
phase, a restriction point (R) is reached beyond which 
the cell cycle proceeds autonomously, indifferent to 
mitogens and TGF-B until the cells exit from mitosis 
(Campisi et al., 1982). Thus, there is a period before late 
G, phase during which cells must perform functions 
essential for reaching R that are susceptible to TGF-B 
inhibition. Among such functions, the phosphorylation 
of the retinoblastoma tumor suppressor gene product 
(Rb) has been studied extensively (Buchkovich ef al, 
1989; Sherr, 1994). As cells exit from mitosis, Rb is in a 
hypophosphorylated state, binding and sequestering E2F 
and other transcription factors needed for S phase 
transition. Rb phosphorylation in mid-G, induces the 
release of these factors, which activate a defined set of 
genes. In TGF-B-treated cells, Rb phosphorylation and 
cell cycle progression are blocked (Laiho et al., 1990a; 
Pietenpol et al., 1990a,b). Moreover, cells expressing the 
SV40 T antigen which binds underphosphorylated Rb 
(Ludlow et al., 1989) are no longer growth-inhibited by 
TGF-B even though it can inhibit Rb phosphorylation 
(Pietenpol et al., 1990b). Similarly, overpression of E2F, 
which is regulated by Rb, overcomes TGF-f-mediated 
growth inhibition in fibroblasts (Schwarz et al., 1995). 
In myeloid cells, the Rb-related proteins p130 and p107 
are targets of TGF-B signaling (Bang et al., 1995). 


7.3 CYCLIN AND CYCLIN-DEPENDENT 
KINASES AS TGF-B TARGETS 


Rb phosphorylation in G, phase results from the action 
of cyclin D/Cdk4 and cyclin E/Cdk2 (Sherr, 1994). 
Activation of these kinases requires accumulation of an 
activating subunit (cyclin) and a catalytic subunit (cyclin- 
dependent kinase (Cdk)), assembly of cyclin/Cdk 
complexes, and Cdk phosphorylation by the Cdk- 
activating kinases (CAK). Active cyclin D/Cdk4 (mid- 
G,) and cyclin E/Cdk2 (late G,) complexes are targets 
for TGF-B regulation. 

Indeed, depending on the cell type, TGF-B can 
downregulate the expression and/or action of numerous 
G, cyclins and their kinases (Figure 28.7). In mid-G,, 


422 EW RUSCETTI et al. 





cAMP, TGF-B 






Growth Factor =- =- ~- —-—~—-—~— 


M 


——{ Binding 
=———»} induction 


— £| Repression 






DNA Repair 


ŢȚ 


p53 


p21<—— TGF-p 


DNA Replication 


Figure 28.7 The effects of TGF-6 on cell cycle progession. Solid lines indicate induction; broken lines indicate 
repression. Open circles indicate positive regulators of progression, and hatching represents negative regulators 
of progression. 


TGF-B does not affect cyclin Ds but can inhibit the 
induction of their partner, Cdk4 (Geng and Weinberg, 
1993; Ewen et al., 1993). In late G,, induction of Cdk2 
and cyclin E is abolished by TGF-B in keratinocytes but 
not in epithelial cells (Slingerland et al., 1994), where 
Cdk2 is inactive because it fails to assemble with cyclin E. 
In hematopoietic cells, TGF-8 decreases both the 
phosphorylation of Cdk2 and the kinase actvity of 
Cdk2-cyclin E complexes in myeloid cells (Bang et al., 
1995). Finally, the induction and action of another Cdk2 
partner, cyclin A, whose expression normally occurs late 
in G, can also be regulated by TGF-f. These effects on 
expression are generally exerted at the transcriptional 
level, but TGF-B causes a marked decrease in Cdk4 
protein levels in epithelial cells without affecting Cdk4 
transcription (Ewen et al., 1993), and Cdk4—cyclin E 
complexes fail to assemble in TGF-B-treated fibroblasts 
(Koff et al., 1993). 


7.4 CYCLIN-DEPENDENT KINASE 
INHIBITORS AND TGF-B ACTION 


The interest in cyclins and Cdks as targets of negative 
regulation was further heightened by the discovery of 
Cdk inhibitors (CDIs), a new class of cell cycle 
regulators. Two CDI families have been identified to 


date. The p27*? (Polyak et al., 1994a,b) and pe 
(El-Deiry et al., 1993; Harper et al., 1993) proteins are 
related. The p21 CDI whose expression is a downstream 
target of the p53 tumor suppressor gene product can 
inhibit all Cdks (Xiong et al., 1993). Also, p21 blocks 
PCNA-dependent DNA replication (PCNA: proliferative 
cells nuclear antigen), suggesting that it is responsible for 
coordinating cell cycle progression and DNA replication 
and repair (Waga et al., 1995). Biochemical analysis of 
extracts from quiescent cells led to the discovery of p27 
CDI, which binds G, cyclin—Cdk complexes stoichio- 
metrically, inhibiting their activation by CAK (Polyak et 
al., 1994a). The homology between p2] and p27 is 
limited to the region that binds and inhibits Cdks 
(Polyak et al., 1994b; Toyoshima and Hunter, 1994), 
The second CDI family includes p15 and p16 (Makela et 
al., 1994; Hannon and Beach, 1994), which were 
identified as members of the multiple tumor suppressor 
genes l and 2 and are small proteins with multiple 
ankyrin repeats and no sequence similarity to p21 or p27. 
Functionally, p15 and p16 target isolated Cdk subunits, 
not cyclin—Cdk complexes, and are specific for Cdk4 and 
its close homolog, Cdk6 (Serrano et al., 1993). 

TGF-B stimulates p21 production in growth-arrested 
cells by a p53-independent mechanism (Datto et al., 
1995); in fibroblasts, in which growth is stimulated by 
TGF-B, p21 production is turned off (Raynal and 


Lawrence, 1995). Similarly, in cells that are growth- 
arrested by TGF-ßB, free p27 is in excess, facilitating its 
association with Cdk2-cyclin E complexes and 
preventing their activation (Polyak et al., 1994a,b). 
However, in cells that are growth-stimulated by TGF-B, 
p27 levels decrease, thus reducing the amount of p27 
complexing with Cdk2 (Ravitz et al., 1995). In human 
keratinocytes growth-arrested by TGF-B, a down- 
regulation of Cdk levels and an elevation of p15 mRNA 
levels leads to an increased association of p15 with Cdk4 
and Cdk6 (Hannon and Beach, 1994). These effects are 
complex and involve multiple pathways (Figure 28.7). 
The rate of G, progression is probably determined by a 
balance between Cdks and CDIs. This balance can be 
altered by the interplay between mitogens and 
antimitogens. Also, recent evidence suggests there are 
transcription-independent and _ transcription-dependent 
effects of TGF-B on cell cycle inhibition (Alexandrow 
and Moses, 1995). Thus, the effects of TGF-B in limiting 
cell cycle progression are pleiotropic. 


8. Murine TGF 


The genes for murine TGF-B,, B,, and B, are located on 
chromosomes 7, 1, and 12, respectively. The murine 
TGF-B1 gene encodes seven exons ranging in size from 
78 to 357 bp with all the intron-exon junctions con- 
served except exon 6/7 junction (Guron et al., 1995). 
The mRNA expression of at least one of the TGF-B 
isoforms in adult murine tissues has been observed in 
spleen, testis, kidney, liver, lung, brain, heart, adipose 
tissue, submaxillary gland, and placenta (Bascom et al., 
1989). Several consensus sequences identified in the 
promoter region of the murine TGF-B1 gene are five Pu 
boxes, two NF-Els, one NF«B, two AP2s, eight SP-1s, 
and one Epo-B2. 

Among mammals the TGF-B1 protein is highly 
conserved: it is identical in man, pig, and cow, and differs 
by only one amino acid in mice. The primary and 
secondary structure of murine TGF-B, is virtually 
identical to that of the human molecule. TGF-B is 
produced and secreted by many cell types including 
activated lymphocytes, macrophages, and platelets. Most 
neoplastic and normal fibroblastic and epithelial cells 
maintained in culture secrete TGF-B in the latent form 
(Barnard et al., 1990). 

In general, the structure, activation, and signaling of 
murine TGE-B receptors are similar to those of the 
human receptors. 


8.1 ROLE IN MURINE EMBRYOGENESIS 


TGE-Bs have been implicated in murine embryogenesis 
by the pattern of mRNA expression. Mouse embryos 
9-16 days old express TGF-B, mRNAs in their bone, 
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liver, and hematopoietic cells, with high levels seen in 
megakaryocytes, osteoclasts, and mesenchymal and 
epithelial tissues (Ellingsworth et al., 1986; Wilcox and 
Derynck, 1988). TGF-B protein was detected by 
immunoreactivity in 11- to 18-day-old embryonic tissue- 
derived mesoderm including palate, larynx, teeth, cardiac 
valves, hair follicles, bones, and cartilage (Heine et æl., 
1987). Murine embryonic undifferentiated stem cells 
secrete latent TGF-B, protein and possess few TGF-f 
receptors (Slager et al., 1993). Upon retinoic acid- 
induced differentiation the cells expressed TGF-f, in 
latent and active forms and greatly upregulated TGF-B 
receptors (Rizzino, 1987). Also, TGEF-B, protein was 
highly secreted and activated depending on the direction 
of differentiation. In vivo, the TGF-B isoforms are 
differentially expressed in discrete locations in virtually all 
tissues during embryonic development, with distinctive 
spatial and temporal patterns (for reviews, see Akhurst et 
al., 1990; Kingsley, 1994). For instance, TGF-B, plays a 
major role in the induction of mesoderm (Rosa et al., 
1988). 

Highly restricted expression of TGF-B receptors 
during embryonic development is an additional method 
for increasing specificity. Mouse fetuses during mid- 
gestation express the type-II TGF-B receptor primarily in 
mesenchymal and epidermal developing tissues (Lawler 
et al., 1994; Wang et al., 1995). The expression of this 
receptor and of the TGF-fs suggests that developmental 
regulation occurs in an autocrine or paracrine manner 


(Lehnert and Akhurst, 1988). 


8.2 LESSONS FROM MURINE 
KNOCKOUT AND TRANSGENIC 
MICE 


Information on the homeostatic regulatory effects of 
TGEF-B has been obtained by selectively deleting the 
genes for various TGF-B isoforms. Targeted disruption of 
all (Kuilkarni et al., 1993) or part (Shull et al., 1992) of 
the TGF-B, gene results in a rapid wasting syndrome 
followed by death at 3-5 weeks of age. The major 
pathology was an extensive multifocal inflammatory 
response associated with serum autoantibodies and 
immune complex deposition (Dang et al., 1995), and 
increased expression of both class I and 11 MHC antigens 
(Geiser et al., 1993). Mice homologous for both the 
TGE-B, null gene and the class II null allele are without 
any of the inflammatory or immune pathology seen in 
the TGF-B, null mouse (Letterio et al., 1996). Instead, 
these mice have extensive myeloproliferative expansion in 
marrow, spleen, and liver, suggesting that class lI 
antigens cooperate with TGF-B, in regulating 
hematopoiesis. Thus, TGF-B, appears to be critical for 
physiologically limiting inflammatory, immune (Christ et 
al., 1994), and hematological responses. Also, its 
functions are not redundant with other TGF-Bs. 
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Further, Letterio and colleagues (1994) have shown in 
mice that maternal transfer of TGF-B, from TGFB1- 
heterozygous mothers prevents the development of 
cardiac abnormalities in TGF-B, null embryos, implying a 
critical role of TGF-B, in fetal development. Additional 
studies have revealed that administration of fibronectin 
peptides that bind to B,-integrins and other cell surface 
adhesion structures blocked the inflammatory response 
that occurred in TGF-B, knockout mice (Hines et al., 
1994), indicating a role for TGF-B, in the regulation of 
expression and/or activation of adhesion molecules and 
their ligands. In addition, the TGF-B, null mouse has 
elevated levels of nitric oxide (NO) in the serum and 
inducible NO synthase (iNOS) in the heart and kidney 
(Vodovotz et al., 1996). 

The overexpression of TGF-B, transgene though 
specific promoters leads to tissue-specific effects. For 
instance, using an albumin promoter target overpression 
to hepatocytes, hepatocyte apoptosis and hepatic fibrosis 
occurred. Extrahepatic lesions including glomerulo- 
nephritis, renal failure, arthritis, myocarditis, and 
pancreatic atropthy occurred (Sanderson et al., 1995). 
However, the general overexpression of TGF-B using a 
metallothionein promoter resulted in perinatal lethality 
suggesting that regulated expression of TGF-B, is 
essential for life (McCartney-Francis and Wahl, 1994). 


9. TGF in Disease and Therapy 


With the numerous pathological consequences found as 
a result of the overexpression or deficiency of TGF-B,, 
the I'GF-B, axis must play a role in numerous disease 
processes. Furthermore, despite its ubiquitous presence, 
agonists or antagonists of its production, activation, or 
function could be clinically useful. 


9.1 ONCOGENESIS 


Unrestricted growth control owing to defects in the 
negative regulatory control of TGF-B and its role in 
oncogenesis has intrigued many investigators. Indeed, 
resistance to the antiproliferative effects of TGE-B is 
often observed in human cancer cells (Fyman and Reiss, 
1993). Among the CD]1s associated with TGF-B growth 
inhibition, p16 heterozygous deletions accompanied by 
mutations in the other allele have been described in a 
significant fraction of cases in various human 
malignancies, and the deletions sometimes affect the 
adjacent pl5 gene as well (Kamb et al., 1994; Nobori et 
al., 1994). Recently, a novel candidate tumor suppressor 
gene, DPC4 (deleted in pancreatic cancer) was found to 
be identical to Smad4 (Hahn et al., 1996), a downstream 
effector of TGF-B signaling. 

In addition, the absence of TGF-f receptors in human 
RB tumor cells (Kimchi et al, 1988) suggests a 


relationship between TGF-B regulation and tumor 
suppressor genes. Defects in TBR-II expression and TBR- 
I] gene rearrangements have been described in tumor- 
derived cell lines of gastric and lymphoid cell origin 
(Capocasale et al., 1995; Park et al., 1994). The zx vivo 
development ofa dominant negative type I] receptor was 
associated with malignant progession of a T cell 
lymphoma (Knaus et al., 1996). Whether mutations in 
these genes are specifically involved in human cancer 
remains to be determined. 

More compelling evidence was found in an inherited 
form of colon cancer (hereditary nonpolyposis colorectal 
cancer, HNPCC), where the cells have a genetic 
instability called “microsatellite instability” due to DNA 
repair defects (Markowitz et al., 1995). In these cells, the 
TBR-I routinely has inactivating mutations within a 
sequence of a “mini-microsatellite” (Markowitz et al., 
1995). When a good copy of the receptor gene was 
introduced into a tumor cell line lacking it, the cell line 
could no longer form tumors in athymic mice, 
suggesting a biological consequence of the mutation and 
linking a DNA repair defect with a pathway of tumor 
progession. 


9.2 FIBROSIS 


Perhaps the most widely studied biological functions of 
TGF-B have been in the areas of fibrosis and wound 
healing (for reviews, see Border and Noble, 1994; Wahl, 
1994). Since these activities have been extensively and 
repeatedly reviewed, they will not be discussed here. The 
nature of the ultimate biological outcome, beneficial or 
deleterious, is determined by a complex network of 
regulatory events that remains incompletely understood. 
Elevated levels of TGF-B, are often accompanied by 
fibrosis and/or inflammation in the heart, liver, and 
kidneys. Similarly, lung and liver fibrosis sometimes 
occurs as a life-threatening complication following bone 
marrow transplantation. High levels of plasma TGF-B, 
pretransplant may be predictive for the development of 
these complications, suggesting that the subsequent 
fibrotic effects may be associated with overproduction of 
this molecule (Zugonaier et al., 1991; Anscher et al., 
1993). In summary, these findings suggest that the 
continued presence of high systemic levels of TGE-B 
result in uncontrolled stimulation of normal biological 
processes that ultimately result in disease pathology. 


9.3 IMMUNITY 


The pleiotropism of TGF-fs is also manifested in its 
ability to upregulate or downregulate cell processes such 
as immune activation. The downregulating effects can be 
either beneficial or deleterious depending on the 
circumstances. Such a downregulating effect is likely to 
be beneficial in situations where a successful immune 


response needs to become quiescent. However, the 
inappropriate production of TGF-f during crucial phases 
of immune response generation may also blunt the 
development of beneficial responses and lead to disease 
progression. For example, the transfection of a highly 
immunogenic UV-induced tumor with the cDNA for 
TGF-B, prevented T cell-mediated rejection of the 
tumof, demonstrating that under some circumstances 
TGF-B can promote escape from T cell-mediated 
immune surveillance (Torre-Amione et al, 1990). 
Similarly, the administration of a TGF-B-neutralizing 
monoclonal antibody prevented the progressive growth 
of the MDA-231 human breast cancer cell line in athymic 
mice by an NK cell-dependent mechanism (Arteaga et 
al., 1993) as well as experimental nephritis (Border et al., 
1990). TGF-B, can also be an autocrine-negative growth 
regulator of human colon carcinoma cells 17 vivo as 
revealed by transfection of an antisense expression vector 
which blocks tumorigenicity (Wu et al., 1992). 

Other studies have shown a potentially critical role for 
TGF-B in the response to infectious agents such as 
Toxoplasma gondii (Hunter et al, 1995), Candida 
albicans (Spaccapelo et al., 1995), and Leishmania 
(Barral et al., 1993; Barral-Neto et al., 1992) as well as 
HIV-1 (Kekow et al., 1990). Thus, TGF-B can play a role 
in disease progression by interfering with productive 
antitumor or antimicrobial immune responses. 


9.4 PROTECTION OF HEMATOPOIETIC 
AND OTHER TISSUE 


A variety of hematopoietic effects of TGF-B sn vivo have 
been described. Studies from our laboratory and others 
have shown that both TGF-B, and TGF-B, have potent, 
but reversible, inhibitory effects on myeloid progenitor 
cells in vivo. Goey and colleagues (1989) demonstrated 
that locoregional administration, via intrafemoral arterial 
injection of TGF-B,, to the bone marrow inhibited 
endogenous and factor-driven proliferation of bone 
marrow cells, and impaired the colony-forming ability of 
multipotential and single-lineage progenitor cells. Also, 
Migdalska and colleagues (1991) noted that intra- 
peritoneal injection of TGF-B, for 5 days inhibited the 
proliferation of colony-forming units-spleen (CFU-S), 
but that growth of these progenitors began recovering 
within 24 h after treatment stopped. 

These antiproliferative effects of TGF-Bs suggested 
that TGE-Bs might be useful for protecting stem and 
progenitor cells from the lethal effects of cell cycle-active 
chemotherapeutic drugs. Accelerated hematological 
recovery in mice pretreated with TGF-Bs was noted by 
Grzegorzewski and colleagues (1994) in mice 
subsequently treated with 5-fluorouracil (SFU). It was 
also found that the administration of TGF-B, or TGF-B, 
during the hyperproliferative phase of bone marrow 
recovery after administration of a sublethal dose of SFU 
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protected most mice from a supralethal dose of SFU. 
Thus, a negative regulator of hematopoiesis can be used 
successfully to protect mice from otherwise lethal doses 
of chemotherapy. 

The potential benefits of negative regulation by TGF- 
Bs may extend beyond the hematopoietic system. 
Migdalska and colleagues (1991) noted that cells of the 
intestinal epithelium were also transiently inhibited 
following repeated systemic administration of TGF-ß}. 
Also, Grzegorzewski and colleagues (1994) noted that 
while TGF-fBs could protect mice from the lethal toxicity 
of both 5-fluorouracil (5FU) and doxorubicin 
hydrochloride, the protective effects for 5FU were 
hematological, while the mechanism of protection for 
doxorubicin was nonhematological. The protective 
effects of TGF-Bs for doxorubicin may occur by 
inhibiting proliferation of intestinal epithelial cells, 
thereby sparing them from death. A similar rationale was 
recently used by Sonis and colleagues (1994) for 
investigating other possible settings of chemoprotection 
by TGEF-Bs. They showed that the topical application of 
TGE-B, to the oral mucosa of Syrian hamsters prior to 
systemic administration of 5FU decreased the level of 
mucositis induced by the 5FU. This protective effect 
correlated with decreased growth of epithelial cells by 
TGF-ßB,. Alternatively, TGF-B, was reported to protect 
mice from TNF-a-dependent myocardial ischemia- 
reperfusion injury (Lefer et al., 1990) by some 
mechanism that is not dependent on inhibiting cell 
proliferation (Pinsky et al., 1995). It seems likely that this 
type of inflammatory toxicity as well as that seen in TGF- 
B-deficiency is due to nitric oxide toxicity, which allows 
for development of new therapies for cardiac pathology. 


9.5 CLINICAL DEVELOPMENT OF 
TGEF-8 


The slow rate of clinical development for TGF-B can be 
attributed to several unrelated factors. These include 
technical problems in producing recombinant TGF-B, 
concerns regarding its pleiotropic effects, and general 
concerns regarding the safety of such a potent growth 
factor on cell and tissue function. 

The first clinical evaluation of TGF was in patients 
with psoriasis performed by Celtrix Pharmaceuticals 
using TGF-B,. The rationale for this study was based on 
the previously mentioned potent immunosuppressive 
and antiinflammatory activities of TGF-B żin vitro and in 
vivo (Ruscetti and Palladino, 1991; Wahl, 1992). 
Injection of TGF-B, into psoriatic lesions did not 
significantly reduce the severity of the lesion, but instead 
induced a fibrotic response at the injection site (Higley ez 
al., 1992), consistent with the stimulation by TGF-B of 
extracellular matrix production. 

Based on the initial human clinical experience with 
TGE-B,, as well as published preclinical studies which 
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showed that exogenous TGF-B, could significantly 
enhance or stimulate the wound healing response, 
Celtrix Pharmaceuticals pursued clinical evaluation of 
TGF-B, in both ophthalmological and cutaneous wound 
healing indications. 

A phase ll ophthalmological study was performed to 
evaluate the utility of TGF-B, in stimulating the healing 
of macular holes. The results of this study were 
encouraging, indicating that injection of TGE-, at the 
site of injury stimulated healing of the lesion as judged by 
visual examination and improved visual acuity of the 
patients (Glaser et æl., 1992). Based on these results, a 
multicenter phase 11] pivotal study was performed to 
evaluate TGF-B, in treatment of macular holes. Celtrix 
Pharmaceuticals announced in November 1994 that a 
planned interim analysis at 3 months post-treatment of 
patients revealed no significant difference between 
treated and control groups in terms of improvement in 
visual acuity. 

In contrast, clinical results with TGEF-B, in the 
treatment of cutaneous ulcers appeared more promising. 
Delivery of TGF-B, in a collagen-heparin sponge has 
been used to treat venous ulcers in two small clinical 
studies. The results provided evidence that TGE-f, can 
enhance the rate of healing in these kinds of obdurate 
wounds (Robson et al., 1995). As a result, Genzyme 
Tissue Repair initiated a phase l clinical study evaluating 
the utility of TGF-B, in the treatment of diabetic foot 
ulcers. 

Genzyme Tissue Repair is continuing a phase I clinical 
study with TGF-f, in patients with multiple sclerosis. 
The rationale was based on two separate observations. 
The first was the potential role of endogenous TGEF-B in 
controlling the exacerbations and remissions of the 
disease in humans (Beck et al., 1991; Link et al., 1994; 
Mokhtarian et al., 1994). The second was based on 
results in animal models of multiple sclerosis which 
indicated that treatment with TGF-B, could significantly 
reduce the frequency and intensity of disease 
exacerbations (Johns et al., 1991; Kuruvilla et al., 1991: 
Racke et al., 1991). 

Oncogene Science and Ciba-Geigy successfully 
completed a phase 1 clinical trial evaluating the safety of 
T'GF-B, in the treatment of oral mucositis. The ultimate 
objective of this therapy is to reduce oral ulceration 
during chemotherapeutic treatment by reducing the rate 
of epithelial cell proliferation in the oral mucosa. 

There are a number of additional clinical indications 
for which TGF-B may have utility. These include use of 
the cytokine to enhance wound strength development in 
surgical wounds that are prone to dehiscence or whose 
normal healing time requires extended convalescence for 
the patient. Studies in animal models of wound healing 
provide compelling evidence that TGF-B may be 
effective in this type of clinical indication (Mustoe et al., 
1987; Ksander et al., 1990). 

In addition to soft-tissue wound repair, TGEF-B has a 


stimulatory role in the healing of hard tissues. 
Application of TGF-B8 to bony defects in a variety of 
animal models has been reported to significantly enhance 
the healing of these wounds (Beck et al, 1993; 
Kibblewhite et al., 1993; Lind et al., 1993; Nielsen et al., 
1994). lf similar stimulatory effects can be achieved in 
humans, TGF-B may have therapeutic roles in clinical 
indications such as orthopedic implant fixation, 
stimulation of healing of hip fractures in the elderly, and 
craniofacial repair. TGF-B may also have utility in other 
areas of orthopedics. lt has been reported that, in certain 
tissue sites, TGF-8 can induce chondrogenesis in vivo 
(Joyce et al., 1990). Thus, it is possible that TGF-B may 
be efficacious in stimulating the healing of cartilaginous 
tissue following traumatic injury. 

Given the central role of TGF-B in cellular regulation, 
it is likely that agonists or antagonists will eventually have 
therapeutic utility. The major hurdle will be to avoid 
systemic toxicity through transient or inducible delivery 
systems targeted to tissue- or cell-specific sites. 
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l. Introduction 


The C-C chemokine RANTES was originally identified 
as a CDNA during a general screen for genes selectively 
expressed by “functionally mature” cytotoxic T 
lymphocytes and not by B cells (Schall et al., 1988). The 
subtractive hybridization approach used in this screen 
yielded several novel cDNA clones, one of which was 
found to encode for a new member of the family of 
chemotactic cytokines, now known as chemokines (Schall 
et al., 1988). The name RANTES is an acronym derived 
from the original observed and predicted characteristics 
of the gene and the protein it encodes: regulated upon 
activation normal Tcell expressed and secreted. 

Subsequently, it was shown that RANTES protein could 
function as a potent chemoattractant for monocytes, 
specific subsets of T lymphocytes (Schall et al., 1990; Taub 
et al., 1993), eosinophils (Kameyoshi et al., 1992; Rot et 
al., 1992), basophils (Dahinden et al., 1994), and natural 
killer cells (Maghazachi et al., 1994; Taub et al., 1995: 
Loetscher et al, 1996). RANTES can also cause 
degranulation of basophils, respiratory burst in eosinophils, 
and the stimulation of T cell proliferation (Kuna et al., 
1992; Alam etal., 1993a; Bischoff etal., 1993: Bacon et al., 
1995). RANTES may also have antiviral properties, as it has 
been shown to suppress replication of HIV in vitro (Cocchi 
et al., 1995). In vivo, RANTES is expressed in diseases 
characterized by a mononuclear cell infiltration such as 
renal allograft rejection (Pattison et al., 1994), delayed- 
type hypersensitivity (Devergne et al, 1994), and 
inflammatory lung disease (Lukacs et al., 1996). These 
multiple activities suggest a role for the RANTES 
chemokine in both acute and chronic phases of 
inflammation. 

Expression of RANTES can be induced in a wide 
variety of cell types including T cells, monocytes, 
basophils, mesangial cells, fibroblasts, epithelial cells, and 
endothelial cells (Schall, 1991). Megakaryocytes, which 
form platelets, appear to make RANTES constitutively 
(von Luettichau eż al., 1996). The rapid expression of 
RANTES by fibroblasts, endothelial cells, and epithelial 
cells may be an early response to induced stress by injured 
tissue. It is thought that this expression results in the 
attraction and infiltration of a variety of inflammatory cell 
types, including monocytes and memory T cells, into the 
stressed tissue. The expression of RANTES, 
accompanying T cell and monocyte effector function, 
may represent a means to amplify and propagate the 
inflammatory response (Pattison et æl, 1994: 
Wiedermann et al., 1993). 


2. The RANTES Gene 


Human RANTES is encoded by a single mRNA 
transcript approximately 1.2 kb in length. The mRNA is 


composed of a short 5’ untranslated region, a coding 
region of 275 bases, and a long (~870 base) 3’ 
untranslated region which contains a series of Alu repeats 
(Figure omi 


2.1 GENOMIC ORGANIZATION OF THE 
RANTES GENE 


The gene encoding RANTES displays the three- 
exon/two-intron organization common to the C-C 
chemokine family (Nelson et al., 1993). In humans, the 
first exon is 133 bases in length and contains the 5’ 
untranslated region and coding bases for the leader 
peptide; the second exon, spanning 112 bases, encodes 
the amino-terminal half of the mature protein; and the 
third exon, consisting of approximately 1 kb, codes for 
the carboxyl terminal and 3’ untranslated regions 
(Figures 29.1 and 29.2). 


2.2 CHROMOSOMAL LOCALIZATION 


The various members of the C-C chemokine family 
demonstrate a high degree of conservation of both gene 
structure and chromosomal localization (Oppenheim et 
al., 1991; Schall, 1991; Sherry and Cerami, 1991; Miller 
and Krangel, 1992). The C-C chemokine genes are 
generally found as a gene cluster on human chromosome 
17. The gene encoding human RANTES was localized to 
17q11.2-q12 by in-situ hybridization (Donlon et al., 
1990). The high degree of conserved protein sequence 
and genomic organization between the chemokine family 
members suggests that these genes arose by gene 
duplication and subsequent divergence to their present 
forms (Oppenheim eż al., 1991; Schall, 1991). 


2.3 TRANSCRIPTIONAL REGULATION 


Approximately 1 kb of the immediate upstream region of 
human RANTES has been analyzed for functional 
regulatory elements. The preliminary results suggest that 
the transcriptional control of RANTES may vary among 
the cell types expressing RANTES (Nelson et al., 1993, 
1996; Ortiz et al., 1996). This is discussed below. 


2.3.1 T Lymphocytes 

RANTES expression by T lymphocytes may be, in part, a 
developmentally controlled event. Early RANTES 
expression is seen following activation of resting peripheral 
blood T cells (Turner et al., 1995). This is followed by a 
strong upregulation occurring 3-5 days later as the T cells 
become functionally mature (Schall et al., 1988; Turner et 
al., 1995). A high level of RANTES expression is 
maintained indefinitely i” vitro by activated T cells, such as 
cytotoxic and helper T lymphocytes (Nelson et al., 1993). 
It has been suggested that the strong expression of 
RANTES by activated T cells may play a role in amplifying 
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CCATGGATGAGGGAA 
AGGAGGTAAGATCTGTAATGAATAAGCAGGAACTTTGAAGACTCAGTGACTCAGTGAGTAATAAAGACTC 
AGTGACTTCTGATCCTGTCCTAACTGCCACTCCTTGTTGTCCCCAAGAAAGCGGCTTCCTGCTCTCTGAG 
GAGGACCCCTTCCCTGGAAGGTAAAACTAAGGATGTCAGCAGAGAAATTTTTCCACCATTGGTGCTTGGT 
CAAAGAGGAAACTGATGAGCTCACTCTAGATGAGAGAGCAGTGAGGGAGAGACAGAGACTCGAATTTCCG 
GAGGCTATTTCAGTTTTCTTTTCCGTTTTGTGCAATTTCACTTATGATACCGGCCAATGCTTGGTTGCTA 
TTTTGGAAACTCCCCTTAGGGGATGCCCCTCAACTGCCCTATAAAGGGCCGCCTGAGCTGCAGAGGATTC 


CTGCAGAGGATCAAGACAGCACGTGGACCTCGCACAGCCTCTCCCACAGGTACC ATG AAG Exon 1 
: GTC TCC GCG GCA GCC CTC GCT GTC ATC CTC ATT GCT ACT GCC CTC TGC 
4 GCT CCT GCA TCT GCC TCC cenar 
Z 1.4 kb Intron 
*AT TCC TCG GAC ACC ACA CCC TGC TGC 
TTT GCC TAC ATT GCC CGC CCA CTG CCC CGT GCC CAC ATC AAG GAG TAT Exon 2 
TTC TAC ACC AGT GGC AAG TGC TCC AAC CCA GCA GTC G* 
4 kb Intron 
*TC TTT GTC ACC 
CGA AAG AAC CGC CAA GTG TGT GCC AAC CCA GAG AAG AAA TGG GTT CGG Exon 3 


GAG TAC ATC AAC TCT TTG GAG ATG AGC TAG GATGGAGAGTCCTTGAACCTGA 
ACTTACACAAATTTGCCTGTTTCTGCTTGCTCTTGTCCTAGCTTGGGAGGCTTCCCCTCACT 
ATCCTACCCCACCCGCGCCTGAAGGGCCCAGATTCTGACCACGACGAGCAGCAGTTACAAAA 
ACCTTCCCCAGGCTGGACGTGGTGGCTCAGCCTTGTAATCCCAGCACTTTGGGAGGCCAAGG 
TGGGTGGATCACTTGAGGTCAGGAGTTCGAGACAGCCTGGCCAACATGATGAAACCCCATGT 
GTACTAAAAATACAAAAAATTAGCCGGGCGTGGTAGCGGGCGCCTGTAGTCCCAGCTACTCG 
GGAGGC TGAGGCAGGAGAATGGCGTGAACCCGGGAGCGGAGCTTGCAGTGAGCCGAGATCGC 
GCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTC TCAAAAAAAAAAAAAAAAAAA 
AAAAAAATACAAAAATTAGCCGCGTGGTGGCCCACGCCTGTAATCCCAGCTACTCGGGAGGC 
TAAGGCAGGAAAATTGTTTCAACCCAGGAGGTGGAGGCTGCAGTGAGCTGAGATTGTGCCAC 
TTCACTCCAGCCTGGGTGACAAAGTGAGACTCCGTCACAACAACAACAACAAAAAGCTTCCC 
CAACTAAAGCCTAGAAGAGCTTCTGAGGCGCTGCTTTGTCAAAAGGAAGTCTCTAGGTTCTG 
AGCTCTGGCTTTGCCTTGGCTTTGCAAGGGCTCTGTGACAAGGAATGAAGTCAGCATGCCTC 
TAGAGGCAAGGAAGGGAGAACACTGCACTCTTAAGCTTCCGCCGTCTCAACCCCTCACAGGA 
GCTTACTGGCAAACATGAAAAATCGGGCTTACCAATAAAGTTCTCAATGCAACCAAAAAAAA 
AAAAAAAA 


Figure 29.1 


Sequence of the RANTES cDNA and immediate upstream region of the RANTES gene. The three 


exons of the RANTES gene are indicated. The cDNA sequence is given in bold and the coding sequence is shown 
with the individual codons. Asterisks show the splice junctions. The double-underlined codon denotes the coding 
sequence for the first amino acid in the mature protein. The TATA box and CAAT box are underlined (Schall et al., 


1988; Nelson et al., 1993). 


the inflammatory response (Wiedermann et al., 1993; 
Nelson et al., 1996; Ortiz et al., 1996). 

The T cell tumor line Hut78 (ATCC TIB 161) 
expresses RANTES constitutively (Nelson et al., 1993). 
Reporter gene experiments using the immediate 
‘upstream region of the RANTES promoter to drive 
luciferase reporter gene have identified the minimal 
region of the RANTES promoter needed for reporter 





gene expression in Hut78 and in mitogen-stimulated 
peripheral blood lymphocytes (Nelson et al, 1993, 
1996; Ortiz et al., 1996). This stretch of DNA represents 
the immediate -195 bases 5’ from the site of 
transcriptional initiation. Four regulatory sites important 
for RANTES expression in T cells have been identified 
within this region of the RANTES promoter (Nelson et 
al., 1996; Ortiz et al., 1996). 
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Figure 29.2 Genomic organization of the RANTES locus. The RANTES gene spans approximately 7.0 kb and 
shows the three-exon two-intron gene organization characteristic of the C-C chemokine family members 
(Nelson et al., 1993). 
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The region designated R(E) found at -91 shows a 
strong homology to a C/EBP-like consensus site 
(Nelson eż al., 1993; Ortiz et al., 1996). The R(E) 
region binds the transcription factor C/EBP- 
beta/NFIL6-alpha early in T cell activation (peak 
expression seen by day 2), but by day 3 a developmental 
switch takes place and a new as yet unidentified factor 
related to the C/EBP family of transcription factors 
replaces C/EBP-beta and binds to this region (Ortiz et 
al., 1996). 

The control region referred to as site R(A/B) is a 32- 
nucleotide element located between the CCAAT and 
TATAAA boxes of the RANTES promoter (Nelson et al., 
1996). R(A/B) contains two consensus sites for NEKB 
binding sites; R(A) and R(B). Site R(B) efficiently binds 
Rel p50-p50 homodimers but will also bind Rel p65-p50 
heterodimers at a much lower efficiency. In contrast, site 
R(A) binds Rel p65-p50 heterodimers preferentially but 
will also bind p50-p50 homodimers. In activated T 
lymphocytes the R(A/B) region also binds unknown 
non-Rel nuclear factors expressed 3-5 days after T cell 
activation (Nelson et al., 1996). 

A site termed R(C) found at -185 is a purine-rich 
region important for RANTES expression by the T cell 
line Hut78 (Ortiz et al., 1996). The factor which binds 
this site is called R(C)FLAT (RANTES site C factor of 
late-activated T cells) and is transiently induced in 
activated peripheral blood T cells, where peak expression 
is found 5 days after activation (Ortiz et al., 1996). 
R(C)FLAT is comprised of at least two DNA binding 
subunits of approximately 65 and 45 kDa (Ortiz et al., 
1996). R(C)FLAT is not present in cytotoxic T celllines 
and does not appear to be related to known transcription 
factor families (Ortiz et al., 1996). 

Study of the RANTES promoter and the nuclear 


factors regulating RANTES transcription in T cells has 


provided some explanation for the immediate early 
expression of RANTES in many cell types and it has 
allowed the identification of several factors contributing 
to the late upregulation of RANTES transcription during 
T cell functional maturation. 


2.3.2 Fibroblasts 


RANTES mRNA is expressed as an “immediate early 
gene” (6-20h) by fibroblasts (Rathanaswami et al., 
1993). Cultured human Synovial fibroblasts isolated 
from rheumatoid arthritis patients produce RANTES in 
both a time- and dose-dependent manner following 
stimulation with TNF-@ and IL-18. Preincubation with 
cycloheximide will “superinduce” levels of RANTES 
mRNA upregulated by 1L-1B, but appear to decrease the 
expression of RANTES mRNA in response to TNF-a. In 
addition, IL-4 downregulates and IFN-y enhances the 
TNF-o and IL-1B-induced increase in RANTES mRNA 
(Rathanaswami et al., 1993). Nelson and colleagues 
(1996) demonstrated Rel p65-p50 binding to both KB- 
like sites R(A) and R(B) following stimulation of human 


skin fibroblasts with TNF-a. Unpublished results (P.J. 
Nelson) show that NF-IL6a (C/EBP-B) is also induced 
in TNF-æ-stimulated dermal fibroblasts and binds to the 
site designated R(E). These results may explain much of 
the RANTES promoter activity induced by TNF-a. 


2.3.3 Endothelial Cells, Epithelial Cells, and 
Monocytes 


Endothelial cells produce RANTES following 
stimulation with TNF-a and IFN-y, while IL-4 and IL- 
13 appear to inhibit this induction (Marfaing-Koka et al., 
1995). Stellato and colleagues (1995) demonstrated that 
a human bronchial epithelial cell line will upregulate 
RANTES mRNA and protein by 16 h after stimulation 
with TNF-a and IFN-y. This induction was inhibited by 
treatment with glucocorticoids (Stellato et al., 1995; 
Wang et al., 1996). Human monocytes and macrophages 
induce RANTES mRNA expression within hours after 
activation with lipopolysaccharide (Devergne et al., 
1994). Much has been learned about the control of 
RANTES transcription in murine monocytes. This will 
be covered in more detail in Section 8.2 of this chapter. 


3. The RANTES Protein 


3.1 PROTEIN SEQUENCE 


The RANTES protein is composed of 91 amino acids, 
including a 23-amino-acid leader sequence cleaved in the 
endoplasmic reticulum (Figure 29.3). The “mature” 
protein is a highly basic polypeptide (pI~9.5) with a 
predicted molecular mass of 7847 Da. RANTES is 
probably a dimer at physiological pH and concentrations 
(Skelton et al., 1995; Fairbrother and Skelton, 1996). 

The various branches of the chemokine family have 
been classified in part, according to the placement of 
highly conserved cysteine residues (Schall et al., 1992). 
In the C-C chemokine family, the first two cysteines are 
adjacent to one another, while in the C-X-C family they 
are separated by a single amino acid residue (Oppenheim 
et al., 1991; Schall, 1991). Lymphotactin, the prototypic 
C chemokine, lacks the first and third cysteine residues 
(Kennedy et al., 1995). These cysteine residues are 
important for the secondary structure of the chemokine 
proteins. Disulfide bridges link the first cysteine to the 
third (amino acids 10 and 34 in the RANTES protein) 
and the second to the fourth in the C-C and C-X-C 
families (RANTES amino acids 1] and 90), giving rise to 
a secondary structure made up of two peptide loops 
(Figure 29.3). 


3.1.1 Recombinant Protein 


Recombinant RANTES protein has been expressed in a 
variety of eukaryotic and prokaryotic expression systems 
(Schall et al., 1990; Rot et al., 1992; von Luettichau et: 
al., 1996). As is found with the other chemokine family 
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Figure 29.3 Amino acid sequence and secondary structure of the RANTES chemokine. Primary and secondary 
structure of the RANTES chemokine following cleavage of the signal sequence. The fourth and fifth serine residues 
(in bold circles) have been shown to undergo O-linked glycosylation. The first cysteine residue (amino acid 10) 
forms a bridge with the third residue (amino acid 34), while the second cysteine residue (amino acid 11) links to the 
fourth residue (amino acid 50). 


members, recombinant RANTES protein shows a strong 
tendency to aggregate at high protein concentrations 
(greater than 1 mg/ml) (Lodi et al., 1994; Skelton et al., 
1995; von Luettichau et al., 1996). This effect can be 
minimized by using high concentrations of salt (1.5 M 
sodium chloride) or low pH (pH 3.5). Recombinant 
protein can be stored in HEPES buffer containing 1l 
mg/ml BSA in small aliquots at -70°C (Rot et al., 1992). 


3.2 GLYCOSYLATION 


Kameyoshi isolated natural RANTES protein from 
human platelets (Kameyoshi et al., 1992). Upon peptide 
analysis it was determined that most of the RANTES 
protein may have undergone O-linked glycosylation of 
the serine residues at positions 4 and 5 of the primary 
amino acid sequence (Figure 29.3). The natural forms of 
RANTES (glycosylated and unglycosylated) showed 
strong eosinophil-chemotactic activity, with optimal 
activity found at protein concentrations near 10 nM, 
similar to the values found for recombinant sources of 
RANTES (Rot et al., 1992; Noso et al., 1994; von 
Luettichau et al., 1996). While O-linked glycosylation 
does not appear to result in a functional difference in 
activity with respect to eosinophil chemotaxis, 
glycosylation may be important in binding to 
endothelium, control of RANTES protein turnover, 
solubility, aggregation, or in the interaction with 
receptors other than those found on eosinophils. 


3.3 QUATERNARY STRUCTURE 


The structure of RANTES has been determined using 
nuclear magnetic resonance (Skelton et aL P1995: 
Fairbrother and Skelton, 1996). The results show that 
RANTES is extensively aggregated in solution above pH 


4.0. At pH 3.7 the protein is primarily dimeric. A set of 
NMR structures demonstrate that each monomer 
consists of a carboxyl-terminal o-helix packing against a 
three-stranded antiparallel B-sheet and two short N- 
terminal B-strands. Dimerization occurs between the 
N-terminal region of each monomer and the carboxyl- 
terminal f-strand of the second monomer. This 
quaternary structure is very different from that of the 
C-X-C chemokines such as interleukin-8, where the N- 
terminal strands of each monomer interact with each 
other to form the dimer (Clore et al., 1992). The overall 
structure is very similar to that described for the C-C 
chemokine MIP-1B (Lodi et al, 1994). RANTES 
appears to form a slightly more compact dimer relative to 
that seen for MIP-1f (Skelton et al., 1995; Fairbrother 
and Skelton, 1996). 


4, Cellular Sources of RANTES 


RANTES is expressed by many cell types in response 
to specific stimuli. Histological staining of a panel of 
tissues and in-situ hybridization for RANTES mRNA 
indicate that normal adult tissues contain few, if any, 
RANTES-positive cells, but that RANTES expression 
dramatically increases in inflammatory sites. ln addition, 
megakaryocytes, some tumor types, and select fetal 
tissues express high levels of RANTES message and 
protein, portending other as yet unappreciated functions 
(von Luettichau er al, 1996). 


4.1 RANTES EXPRESSION IN 
NONTRANSFORMED TISSUE 


RANTES is rapidly induced im vitro by inflammatory 
cytokines such as TNF-a, IL-1B8, and IFN-y, or 
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mitogenic agents which may mimic conditions in the 
various stages of inflammatory processes in vivo. The 
expression of RANTES in specific disease states will be 
discussed in more detail in Section 9 of this chapter. 

Von Luettichau and colleagues (1996) stained 
inflamed tonsil with RANTES-specific monoclonal 
antibodies and showed RANTES expression by a minor 
population of small scattered cells, probably T cells, 
found predominantly in the mantle zone and T-zone of 
lymphoid follicles. In addition, RANTES protein was 
found in subepithelial mononuclear inflammatory cells 
(monocytes and T cells) and in rare scattered cells in the 
germinal centers. Normal adult spleen contained a few 
scattered positive cells by antibody staining and by in-situ 
hybridization. Extramedullary hematopoiesis, blood cell 
maturation within the spleen, however, was associated 
with very strong RANTES expression by mega- 
Karyocytes. As previously noted, platelets, which are 
produced by megakaryocytes, are a rich source of 
RANTES protein (Kameyoshi et al., 1992). 

RANTES expression has been studied by in-situ 
hybridization in human lymph nodes with delayed-type 
hypersensitivity lesions (DTH) related to either 
sarcoidosis or tuberculosis. The morphological 
characteristics of the tissue and distribution of positive 
cells indicate that both macrophages and endothelial cells 
are contributors to RANTES production in DTH 
reactions. RANTES expression by these cells has been 
confirmed by zm vitro studies using alveolar macrophages 
and umbilical vein-derived endothelial cells (Devergne et 
al., 1994). 

Rheumatoid synovial fibroblasts produce RANTES 
mRNA and protein in response to TNF-a, IL1-B, and 
IFN-y 7m vitro (Rathanswami et al., 1993). Stellato and 
colleagues (1995) have demonstrated in vivo RANTES 
expression by pulmonary epithelial cells. 


4.2 RANTES EXPRESSION BY 
TRANSFORMED CELLS 


RANTES mRNA is expressed by many tumor lines such 
as the rhabdomyosarcoma RD and the osteosarcoma 
MG63 (Schall, 1991). It is expressed by the myeloid 
precursor cell lines HL60 and HEL, and by the T cell 
tumor line, Hut78 (Schall, 1991; Nelson et al., 1993). 1t 
is difficult to draw definitive conclusions concerning the 
tumor-specific expression of a gene from the study of an 
in vitro immortalized cell line since the results may not 
always faithfully reflect the biology of the gene’s 
expression by the tumor in vivo. 

Tumor expression of RANTES in vivo appears 
heterogeneous within tumor types (von Luettichau et al., 
1996). Ten out of eleven lymphomas showed no 
expression of RANTES by the tumor, while rare 
scattered positive cells (dendritic cells or infiltrating 
lymphocytes) associated with the tumors showed strong 


expression of RANTES. One lymphoma, a yò T cell 
cutaneous lymphoma, showed staining for RANTES 
protein. The 10 negative lymphomas consisted of three 
follicular mixed lymphomas, three follicular small cleaved 
lymphomas, two small lymphocytic lymphomas, one 
mantle lymphoma, and one T cell diffuse mixed 
lymphoma (von Luettichau et æl., 1996). A series of solid 
renal tumors were also examined for RANTES protein 
expression. All Wilms’ tumors tested showed strong 
RANTES expression by both tumor cells and perivascular 
macrophages. The “developing” renal tubules, 
characteristic of this tumor, were weakly positive for 
RANTES protein, while the, subcapsular nephrogenic 
blastoma showed strong RANTES protein expression 
(von Luettichau et al., 1996). 

In contrast to the relatively “undifferentiated” Wilms’ 
tumors, Only one of five “well-differentiated” renal cell 
carcinomas expressed RANTES, although RANTES 
again was present in tumor-infiltrating mononuclear 
cells. The one embryomal rhabdomyosarcoma examined 
did not express RANTES protein (von Luettichau et al., 
1996): 


4.3 RANTES EXPRESSION DURING 
HUMAN DEVELOPMENT 


The expression of RANTES by some tumors led to the 
question whether RANTES is expressed during 
development (von Luettichau et al., 1996). In a general 
survey of fetal tissues derived from a 22-week 
therapeutic abortion, only rare scattered RANTES- 
positive cells were identified in fetal thymus and lung, 
and no expression was found in developing brain, heart, 
or skin by in-situ hybridization and antibody staining. 
Fetal megakaryocytes, present in extramedullary 
hematopoiesis in spleen, were an exception in that they 
showed very strong expression of both RANTES 
messenger RNA and protein (von Luettichau et al., 
1996) 
Interestingly, developing human kidney was found to 
express high levels of both RANTES protein and mRNA 
(von Luettichau et al., 1996). Fetal kidney tissues stained 
concurrently with anti-RANTES monoclonal antibody 
and RANTES mRNA-specific antisense oligomers 
showed differential expression of message and protein in 
the developing kidney. The least differentiated cells 
(outer region of the kidney) showed very strong staining 
for RANTES message and little or no expression of 
RANTES protein. The center of the developing organ, 
which demonstrates a more mature morphology, showed 
RANTES protein and mRNA in the glomerular 
mesangium and in the proximal tubules. The authors 
suggest a developmental-translational control of 
RANTES expression in fetal kidney (von Luettichau et 
al., 1996). 
Although the 


function of RANTES in the 
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development of human kidney remains unknown, it is 
tempting to speculate that RANTES may play a role in 
organogenesis quite separate from its function as a pro- 
inflammatory cytokine. A role for C-C chemokines in 
development is not without precedent, since MIP-1a has 
been implicated in early stages of hematopoiesis (Graham 
and Pragnell, 1992; Broxmeyer et al, 1993), 
4 


5. Biological Activities 


RANTES is a potent chemoattractant for T lymphocytes, 
natural killer cells, monocytes, eosinophils, and 
basophils. It has also been shown to activate these cell 
types and has been implicated as an important factor in 
the suppression of HIV replication. These phenomena 
will be discussed in more detail below. 


5.1 ACTIONS ON T LYMPHOCYTES, 
MONOCYTES, AND NATURAL 
KILLER CELLS 


5.1.1 Chemotaxis 


During chemotaxis, cells move in the direction of an 
increasing concentration of a chemoattractant. 
Leukocytes sense a concentration gradient of as little as 
1% across their diameter. Several groups have shown that 
. RANTES is a potent chemotactic agent for T 
lymphocytes and monocytes. Schall showed that 
RANTES induced a significant migration of CD4* and 
CD45RO* (memory cells) but not of CD8* and 
CD45RA* (naive) cells (Schall et al., 1990). In contrast, 
Taub demonstrated that both naive and memory T cells 
migrated equally in response to RANTES although it was 
most effective on activated T cells (Taub et al., 1993). 
RANTES was 10 times more potent than MIP-lœ or 
MIP-1B; chemotaxis was maximal at 1 ng/ml. RANTES 
was also chemotactic for CD4* T cell clones. RANTES is 
also a potent chemotactic agent for monocytes (Schall ez 
al., 1990; Wiedermann et al., 1993; von Luettichau et 
al., 1996) with maximum effects at 10° to 10° M. 
Chemotaxis can be completely abolished by addition of 
anti-RANTES antibody (Wiedermann et al., 1993; von 
Luettichau et al., 1996). Rot and Hub (1995) have 
suggested that the chemotactic effect of RANTES on 
monocytes is highly dependent upon the monocyte 
concentration in Boyden chamber assays, arguing that 
RANTES may be a chemotactogenic rather than a 
chemotactic agent for monocytes; that is, it may act to 
cause the release of another, yet to be identified, 
chemoattractant from monocytes. 

The RANTES protein also induces the chemotaxis and 
chemokinesis of natural killer cells at concentrations that 
range between 10 and 100 pg/ml. RANTES induces 
chemotaxis but not chemokinesis of IL-2-activated 


natural killer cells. MIP-la, and MCP-1] share similar 
actions (Maghazachi eż al., 1994; Taub et al., 1995). 


5.1.2 Haptotaxis 


Haptotaxis is cell migration induced by surface-bound 
gradients of chemoattractants. In blood vessels, 
chemotaxis along soluble gradients is theoretically 
unlikely since such a gradient would be rapidly dispersed 
by the flow of blood (Rot, 1993). Thus, haptotaxis along 
a gradient of mediator bound to endothelium or 
extracellular matrix may be more important in vivo. In 
modified Boyden chamber assays, Wiedermann (1994) 
showed that RANTES is a potent haptotactic agent for 
monocytes, with a maximal response at nanomolar 
concentrations. Since RANTES protein has been 
localized to the endothelium and extracellular matrix 
during inflammation (Wiedermann et al., 1993; Pattison 
et al., 1994; von Luettichau et al., 1996), it is ideally 
located to act as a haptotactic agent. 


5.1.3 Increased Adhesion 


Taub demonstrated that RANTES augmented the 
adhesion of activated CD4' cells (but not CD8* cells) to 
IL-1a@-treated human umbilical vein endothelial cells. No 
change in T cell adhesion was present using resting T 
lymphocytes or endothelium (Taub eż æl, 1993). 
Blocking studies with monoclonal antibodies suggest 
that adhesion was mediated by T cell VLA-4 binding to 
endothelial VCAM-1 (Tanaka et al., 1993). Lloyd and 
colleagues (1996) showed that RANTES and other 
chemokines will induce T cell adhesion to recombinant 
ICAM-1 and VCAM-1. The adhesion process was found 
to occur rapidly and to be dose-dependent, and appeared 
to be mediated via the B,- and B,-integrins. The results 
suggest that RANTES stimulates the development of a 
high-affinity state in the integrin molecules. 

RANTES also increases monocyte adhesion to 
activated endothelial cells (Vaddi and Newton, 1994). 
RANTES upregulates the expression of the œ chains of 
CD11b and CD1lc (f,-integrins) and of CD18 (their 
common f chain). The upregulation of CD11b and 
CD1lc peaked at 4h and then declined to basal levels 
after 24h. The monocyte binding to activated 
endothelial cells followed similar dose-response kinetics 
to the upregulation of the integrins and was blocked by 
monoclonal antibodies to CDllb and CDllc, 
suggesting that modulation of integrin expression by 
RANTES might facilitate tissue trafficking of monocytes 
during inflammation (Vaddi and Newton, 1994). 


5.1.4 Activation of T Cells 


In addition to inducing chemotaxis, RANTES acts as an 
activator of T cells in vitro. Bacon showed that RANTES 
could induce a biphasic mobilization of Ca” in a T cell 
clone (Bacon et al., 1995). The initial peak, a transient 
increase in cytosolic Ca™, was mediated by a G protein- 
coupled pathway, and was associated predominantly with 
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chemotaxis. The second Ca” peak was associated with a 
spectrum of cellular responses, including Ca” channel 
opening, interleukin-2 receptor expression, cytokine 
release, and T cell proliferation. All of these events are 
characteristic of T cell receptor activation. 

Slightly different results were reported by Turner and 
collegues (1995). The authors found that anti-CD3 
mAb, but not RANTES, could elicit elevation of 
intracellular calctum levels in human T lymphocytes. 
RANTES stimulation did produce a_ bell-shaped 
chemotactic response and an increase in polarization of 
the T lymphocytes. T lymphocytes stimulated with 
RANTES, showed increased phosphatidylinositol (PI) 
3-kinase activity with maximal activity seen at 10-100 
ng/ml. Wortmannin, a potent PI 3-kinase inhibitor, 
inhibited the RANTES-induced T lymphocyte 
migration. These results suggest that RANTES 
activation of T lymphocytes is independent of 
detectable elevation of cytosolic free calcium, and that 
RANTES-induced chemotaxis involves the putative PI 
3-kinase signal transduction pathway. The reason for 
the contrary results regarding Ca” flux is, at present, 
not clear. 

RANTES also enhances effector function of cytotoxic 
T lymphocytes and natural killer cells. Taub found that 
RANTES is capable of augmenting CTL and NK but not 
lymphokine-activated killer cell or antibody-dependent 
cell cytotoxicity-specific cytolytic responses (Taub et al., 
1995). RANTES was also found to modulate antigen- 
driven T cell proliferative responses as well as effects on 
lymphokine production. The costimulation with 
RANTES was interleukin-2-dependent and requiredithe 
presence of free extracellular calcium. Neutralization of 
endogenously produced RANTES with specific antibody 
during antigen-specific T cell response blocked cellular 
proliferation, suggesting that RANTES may have an 
autocrine role in antigen-induced T cell proliferative 
responses. Together, these results suggest that 
chemokines such as RANTES play a role in the activation 
of polyclonal as well as antigen-specific helper and 
cytotoxic T cells during the development of an immune 
response. 


5.1.5 T Cell and Monocyte Transendothelial 
Migration 

RANTES was found tò elicit dose-dependent 
transendothelial migration of unstimulated peripheral 
blood lymphocytes żin vitro. Phenotype analysis showed 
monocytes and CD4*, CD8*, and CD45RO* T 
lymphocyte subsets were recruited. No migration of 
natural killer cells or significant numbers of B cells was 
seen (Roth et al., 1995). RANTES has also been 
demonstrated to upregulate the secretion and activity of 
matrix metalloproteinases 2 and 9 by infiltrating T cells 
(Xia et al., 1996). The activation of these enzymes is 
thought to facilitate leukocyte transmigration through 
the basement membrane and extracellular matrix and 


thus may be important to the transendothelial migration 
of leukocytes. 


5.2 EOSINOPHIL CHEMOTAXIS, 
TRANSENDOTHELIAL MIGRATION, 
AND ACTIVATION 


Kee purified an eosinophil chemotactic factor from 
thrombin-stimulated platelets, and by amino terminal 
sequencing identified this protein as RANTES 
(Kameyoshi et al., 1992, 1994). Alam showed that 
RANTES induced chemotaxis of eosinophils in a dose- 
dependent manner at 107’ to 107m (Alam et al., 1993a). 
Comparison with other eosinophil chemoattractants 
indicates that RANTES is as potent as C5a (Rot et al., 
1992), MCP-3 (Baggiolini and Dahinden, 1994), and 
eotaxin (Jose et al., 1994) and is 2-fold to 3-fold more 
potent than MIP-1la@ (Rot et al., 1992). Recently, much 
attention has been paid to the interaction among the 
cytokines IL-3, IL-5, and GM-CSF, potent differentiation 
and proliferation factors for eosinophil precursors, and the 
chemokines. Schweitzer and colleagues (1994) showed 
that eosinophils migrated toward RANTES at 
concentrations of 10° to 107” M, only after priming with 
IL-5 (10pm). Unprimed eosinophils only showed a 
significant migratory response at higher concentrations of 
RANTES (10° M). This difference between the optimal 
concentration of RANTES found by different groups is 
probably related to the fact that, in the earlier studies, 
eosinophils were obtained from donors with a peripheral 
blood eosinophilia (Kameyoshi et al., 1992) or allergy 
(Alam et al., 1993b) in whom im vivo priming took place. 

In an im vitro transendothelial migration assay, 
RANTES induced eosinophil transendothelial migration 
in a dose-dependent manner (Ebisawa et al., 1994). The 
other C-C chemokines MCP-1, MIP-la, MIP-18, and I- 
309 showed no effect. The effect of RANTES on 
transmigration was greatly potentiated by priming the 
eosinophils with IL-5. 

In addition to promoting eosinophil chemotaxis, 
RANTES activates eosinophils, causing release of 
eosinophil cationic protein in a dose-dependent manner. 
RANTES is a relatively weak stimulator of exocytosis and 
leukotriene formation, even when the eosinophils are 
primed (Rot et al., 1992). In addition, RANTES is a 
potent activator of the respiratory burst in eosinophils, 
leading to the release of highly toxic oxygen radicals 
(Chihara et al., 1994; Kapp et al., 1994). By scanning 
electron microscopy, RANTES induces morphological 
changes in eosinophils, including decreased numbers of 
specific granules and increased numbers of small dense 
granules, probably indicating intracellular translocation 
of toxic granular proteins. This localized “piecemeal 
degranulation” may explain the changes of eosinophil 
density observed upon stimulation with RANTES (Alam 
et alyg@m@iO3a). 


5.3 BASOPHIL CHEMOTAXIS AND 
ACTIVATION 


RANTES and MCP-3 are some of the most potent 
basophil chemoattractants known (Kuna et al., 1992; 
Bischoff et al., 1993; Baggiolini and Dahinden, 1994). 
In contrast, MCP-1 and MCP-3 are more effective 
inducers of histamine release than RANTES (Bischoff et 
al., 1992, 1993; Dahinden et al, 1994). RANTES also 
enhanced the adherence of basophils to activated human 
umbilical vein endothelial cells. The RANTES-induced 
adhesion was dose-dependent and increased following 
priming with IL-5. Adhesion was blocked by monoclonal 
antibodies to the 8,-integrins. All C-C chemokine effects 
on basophils are blocked by pertussis toxin, indicating 
that they activate basophils via G-protein-coupled 
receptors (Bacon et al., 1994). 


5.4 RANTES SUPPRESSION OF HIV 
REPLICATION 


The phenomenon of noncytolytic CD8&* T cell 
suppression of HIV replication is a well documented 
effect in which soluble factors derived from CD8* T 
cells limit the ability of HIV to copy itself (Levy, 1993). 
This HIV-suppressing activity of CD8* T cells may in 
part be responsible for the phenomenon of the “slow 
progressor” phenotypes seen in some HIV-infected 
individuals. The chemokines RANTES, MIP-la, and 
MIP-18 produced by CD8* T cell will inhibit the 
replication im vitro of monocyte tropic strains of HIV-1 
(Cocchi et al., 1995). 1n addition, the CCR2b, CCR3, 
and CCR5 chemokine receptors (discussed in Section 6 
of this chapter) have been demonstrated to act as 
coreceptors for HIV-1 entry into cells (Alkhatib et al., 
1996; Choe et al., 1996; Deng et al., 1996; Doranz et 
al., 1996; Dragic et al, 1996). Understanding the 
biology of these chemokines and their receptors will 
Open new avenues of research into pathogenesis of 
AIDS and possibly the treatment of HIV-infected 
individuals. 


5.5 IN VIVO EXPERIMENTS 


In an attempt to study the im vivo effects of RANTES, 
Murphy (1994) used a human/severe combined 
immune deficient (SCID) mouse model. SCID mice 
received human peripheral blood lymphocytes, followed 
by three injections of RANTES over 3 days. RANTES 
induced mononuclear cell infiltration 72 h after injection. 
The majority of cells recruited were human CD3" T cells 
with equal numbers of CD4* and CD8" cells. 

Although, the injection of RANTES intradermally 
into rats or rabbits induced no infiltrate, it did cause an 
eosinophil- and macrophage-rich infiltrate within 4 h in 
beagle dogs (Meurer et al., 1993). The cell infiltration 
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peaked at 16-24 h after injection. There was histological 
evidence of intravascular activation of eosinophils at 4 h, 
with adherence of eosinophils to the endothelium and 
homotypic aggregation of eosinophils, but there was no 
evidence of eosinophil degranulation. The lack of 
response in other species tested may reflect species 
differences in the RANTES receptor. The abundance of 
peripheral blood eosinophils (and possibly eosinophil 
priming in dogs) may explain the florid eosinophilic 
infiltrate seen in the beagle. 

Although our knowledge of the actions of RANTES 
and the other chemokines has expanded greatly in 
recent years, most of this information has been obtained 
from i” vitro assays and many questions remain about 
the im vivo significance of these findings. The 
development of overexpressing and knockout mice for 
RANTES, as well as specific antagonists, will be 
instructive in this respect. 


6. RANTES Receptors 


As described earlier, the chemokine receptors have 
multiple functions. Not only do they mediate chemotaxis 
but they also mediate the upregulation of integrins, actin 
polymerization, respiratory burst, degranulation, and cell 
proliferation. Most of the biological effects of the 
chemokines appear to be mediated primarily through 
interactions with different classes of G-protein-coupled 
receptors that span the membrane seven times (so-called 
serpentine receptors) (Gerard and Gerard, 1994; 
Murphy, 1994) (Figure 29.4). The chemokine receptor 
genes are expressed in a cell type-specific manner and this 
differential expression seems to be the basis for the 
specificity of chemokines for subsets of leukocytes. 

The known chemokine receptors can be grouped into 
four different classes: “the | “specific”, “Shared: 
“promiscuous”, and “virally encoded” receptors (Gerard 
and Gerard, 1994; Murphy, 1994). The “specific” 
chemokine receptors bind only one chemokine. To date, 
a specific RANTES chemokine receptor has not been 
described. The “shared” chemokine receptors bind more 
than one chemokine within either the C-X-C or the C-C 
subfamily. The chemokine receptors CCR1, CCR3, and 
CCRS5 all bind RANTES, and other C-C chemokines, 
and thus fall into the shared category (Gao et al., 1993; 
Neote et al., 1993a; Daugherty et al., 1996; Kitaura et 
al., 1996; Raport et al., 1996; Samson et al., 1996). The 
Duffy antigen receptor for chemokines is a promiscuous 
chemokine receptor that binds both C-X-C and C-C 
chemokines including RANTES (Horuk et al., 1993; 
Neote et al., 1994; Horuk and Peiper, 1996). The fourth 
type of chemokine receptor is encoded within viral 
genomes. The US28 gene found in the cytomegalovirus 
(CMV) genome binds the RANTES protein (Neote et 
al., 1993; Murphy et al., 1996). 
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Figure 29.4 The RANTES receptors span the membrane seven times (so-called serpentine receptors). The 
chemokine receptors identified to date that bind the RANTES protein include; the “shared” receptors CCR1, CCR3, 
CCR4, and CCRS5; the “promiscuous” chemokine receptor DARC, and the “virally encoded” US28 receptor. The 
transmembrane regions are detailed with dark hatched bars. The amino terminus and second extracellular domain 
are thought to be involved in ligand specificity (black bars). The G-protein heterotrimer probably interacts with the II 
and Ill intracellular domains (of the shared and virally encoded receptors). The carboxyl terminus contains serine 
and threonine residues (shown as light hatched bars) involved in phosphorylation of the receptor (Murphy, 1994; 
Gerard and Gerard, 1994; Horuk and Peiper, 1996; Murphy et a/., 1996). 


In addition to specific high-affinity receptors on 
leukocytes and erythrocytes, RANTES also binds to 
proteoglycans on the endothelium that may present the 
chemokine to circulating leukocytes. The biochemical 
nature of this proteoglycan-chemokine interaction is 
poorly understood (Witt et al., 1993). A 


6.] GENERAL FEATURES OF 
CHEMOKINE RECEPTORS 


The second and third intracellular loops of serpentine 
receptors interact with a G-protein heterotrimer and, 
upon ligand binding, exchange GDP for GTP, resulting 
in activation of the G-protein subunits (Neote and 
McColl, 1996). In turn, the activated G-proteins signal 
effector enzymes, such as phospholipase CB,. GTP is 
hydrolyzed to GDP, and the GDP form of the G-protein 
completes the cycle by complexing with unoccupied 
receptors. Pertussis toxin causes ADP-ribosylation of the 
Ga, subunits and thus irreversibly inactivates their 
action. Most known biological effects of the chemokines 
appear to be inhibited by pertussis toxin (Wu et al., 1993; 
Neote and McColl, 1996). 

Serine and threonine amino acid residues found at the 
carboxyl terminus of the serpentine receptors act as 
substrates for phosphorylation. Phosphorylation of the 
carboxyl terminus leads to binding of arrestin, which 
prevents binding of G-proteins to the receptor and hence 
prevents signaling. This may be the mechanism of 
desensitization by which prior exposure to a ligand 


blocks the subsequent response to the same ligand. 
Desensitization causes the rapid cessation of the ligand- 
induced responses critical to the cellular response to a 
concentration gradient, and thus inhibits chemotaxis 
(Murphy, 1994). 


6.2 LIGAND BINDING STUDIES AND 
RECEPTOR EXPRESSION 


Ligand binding to chemokine receptors is complex, with 
multiple chemokines binding to a single receptor and 
multiple receptors binding to a specific ligand (Murphy, 
1994; Kelvin et al., 1993; Gerard and Gerard, 1994; 
Neote and McColl, 1996). Such complexity presumably 
increases the potential for sophisticated intercellular 
communication. The CCR1 chemokine receptor found 
on neutrophils, eosinophils, monocytes, T cells, natural 
killer cells, and B cells binds MIP-la, RANTES, and 
MCP-3 (Neote et al, 1993a; Gao et al, 1993; 
Combadiere et al., 1995b,c; Ben-Baruch et al., 1995; 
Neote and McColl, 1996). The CCR3 receptor binds 
RANTES, eotaxin, and MCP-3 and is expressed by 
monocytes, eosinophils, and neutrophils (Combadiere et 
al., 1995a; Daugherty et al., 1996; Kitaura et al., 1996; 
Neote and McColl, 1996). The CCRS5 receptor binds 
MIP-la, RANTES, and MIP-18 and is macrophage and 
T cell expressed (Raport et al., 1996; Samson et al., 
1996; Neote and McColl, 1996). 

Neote and colleagues (1993b, 1994) demonstrated 
that the receptor expressed by human erythrocytes has a 


broad specificity for chemokine binding. This receptor is 
the Duffy blood group antigen, which is also the receptor 
for the human malarial parasite Plasmodium vivax and is 
now referred to as DARC (Duffy antigen receptor for 
chemokines) (Horuk et al, 1993). Its mRNA is 
detectable in brain, kidney, spleen, lung, and thymus 
(Chaudhuri et al., 1994; Neote et al., 1994; Horuk and 
Peiper, 1996). In human embryonic kidney cells 
transfected with Duffy antigen cDNA, there was no 
evidence of signal transduction as measured by transient 
increases in intracellular calcium ion concentration. The 
physiological role of the erythrocyte DARC is uncertain, 
although it may function in the clearance of chemokines 
from the systemic circulation (Chaudhuri et al., 1994; 
Horuk and Peiper, 1996). 

The virally encoded chemokine receptors appear to 
exhibit superior binding and signaling properties 
relative to the human receptor analogs. The role of 
these receptors in viral pathogenesis is at present 
unclear. The open reading frame designated US28 
found in human cytomegalovirus encodes a protein that 
is similar in sequence to CCR1 (33% homology), with 
56% homology in the amino-terminal domain, and 
binds the RANTES chemokine (Gao et al, 1993; 
Neote et al., 1993a). US28 may have been acquired by 
the virus to impart some selective advantage. 
Expression of US28 may alter the responsiveness of 
infected cells to C-C chemokines (Ahuja eż al., 1994; 
Murphy et al., 1996). 


7. Signal Transduction 


Many details of the signal transduction pathways are still 
unclear, but it seems that both G-protein-dependent 
and -independent activation by chemokines can occur. 
Receptor—ligand interaction leads to activation of 
phospholipase CB, and B,, production of inositol 1,4,5- 
trisphosphate (IP;) and diacylglycerol, a rapid and 
transient increase in intracellular calcium, and the 
activation of protein kinase C (Howard et al., 1996; 
McColl and Neote, 1996). Different kinases may be 
involved in signal transduction, including serine/ 
threonine and tyrosine protein kinases as well as the 
MAP kinase cascade (Howard et al., 1996; McColl and 
Neote, 1996). Bacon used antisense oligonucleotides 
against Gal6 and Gall to block chemotaxis, calcium 
flux, and IP, generation in T cells in response to 
RANTES (Bacon et al., 1994) (see also Section 5.1.4 of 
this chapter). 

The next few years will see further dissection of the 
signal transduction pathway downstream from the 
RANTES receptor. Special focus will be placed on the 
role of specific G-protein subunits, and the various 
second messengers involved in the various cellular 
responses found to be elicited by specific chemokines. 
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8. Murine RANTES 


Mouse and rat express a single RANTES mRNA 
transcript of about 560 bases. These transcripts display a 
much shorter 3’ untranslated region relative to that 
found in human cells (Schall et al., 1988). 


8.1 THE MURINE RANTES GENE 


The gene for murine RANTES (small inducible cytokine 
A5 (Scya5)) was isolated by Danoff and found to contain 
a 4.5 kb transcriptional unit. The first exon is 138 bases 
long and contains the 5’ untranslated region and 76 bases 
of coding region; the second exon contains 112 bases of 
coding sequence, while the third exon contains the 
remaining 85 bases of the coding region and the 
complete 3’ untranslated region. The murine RANTES 
gene was localized to chromosome 11 using Southern 
blot analysis of somatic cell hybrids containing known 
complements of mouse chromosomes on hamster or rat 
backgrounds (Danoff et al., 1994). 

DNA sequences important for regulation may be 
conserved through evolution. A comparison of the 
immediate upstream region found in the mouse (Danoff 
et al., 1994) and human genes (Nelson et al., 1993) 
demonstrate a high level of conservation within the first 
200 bases 5’ to the site of transcriptional initiation (Ortiz 
et al., 1995). This homology extends through the 
TATAAA box and includes the CAP site and the 
complete 5’ untranslated region to the start of 
translation, suggesting that these sequences may be 
important in regulation of RANTES expression. 


8.2 EXPRESSION IN MOUSE 
EPITHELIAL AND MESANGIAL 
CELLS 


RANTES is expressed as an immediate early gene 
(2-20 h) by stimulated murine renal tubular epithelial 
and mesangial cells. Wolf reported that a mouse 
mesangial cell line upregulated murine RANTES within 
2 h in response to stimulation with TNF-a (Wolf et al., 
1993). The level of RANTES mRNA remained 
elevated in these cells for 24-48 h after stimulation. 
IL-1B8, TNF-a, and lipopolysaccharide were also found 
to increase expression of RANTES mRNA these 
cultured murine mesangial cells. Heeger demonstrated 
a significant elevation in mRNA transcripts encoding 
RANTES following the stimulation of mouse tubular 
epithelium with TNF-a and IL-lo in culture, but 
not with TGF-B, IFN-y, or IL-6 (Heeger et al., 
2). 
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8.3 TRANSCRIPTIONAL CONTROL IN 


MOUSE MONOCYTES 


The expression of RANTES by primary murine 
macrophages was described by Orlofsky (1994), who 
showed that RANTES mRNA was induced by LPS 
treatment of bone marrow-derived macrophages and 
resident peritoneal macrophages. Shin (1994) used a 
murine monocyte cell line and promoter deletion and 
mutational analysis to define LPS-responsive elements 
within the murine RANTES promoter. The region 
termed LRE (lipopolysaccharide-responsive element) 
consists of two motifs of TCAYR at -169 and -172 
which contain half of an AP-1 site with two flanking 
baeo mand a site (A/D(G/C)NTTIYGHA/DNTIY 
found at -154. The binding of nuclear protein to this 
region was observed after stimulation with LPS. 
Interestingly, this site, which resembles in part the 
interferon-stimulated responsive element (ISRE), is also 
highly conserved between the mouse and human 
promoters (Ortiz et al., 1995). 


8.4 SPECIES SPECIFICITY OF THE 
RANTES PROTEIN 


Schall found that recombinant murine RANTES can 
attract human monocytes in a dose-dependent fashion 
(Schall et al., 1992). A reciprocal phenomenon is seen in 
the rat (R.A. Stahl, unpublished observation), where 
human RANTES was found to attract rat monocytes i 
vitro. Monoclonal antibodies to human RANTES were 
also found to cross-react with inflamed rat kidney tissue, 
suggesting that anti-human RANTES antibodies 
recognize rat RANTES zm vivo. This cross-reactivity may 
be attributable to the high degree of amino acid 
homology between human, murine, and rat RANTES, 
which share approximately 85% amino acid identity 
(Schall et al., 1992; von Luettichau et al., 1996). 


8.5 SEPSIS SYNDROME 


On a tissue level, sepsis is characterized by endothelial 
cell injury, edema formation, and the influx and 
activation of neutrophils and monocytes. VanOtteren 
(1995) demonstrated expression of both RANTES 
mRNA and protein in lung homogenates of mice 
following intraperitoneal endotoxin administration. 
Cellular sources of the RANTES antigen, as determined 
by immunohistochemical techniques, were localized to 
the epithelial cells lining the alveoli. Neutralization 
experiments with anti- RANTES antibodies indicated that 
RANTES contributed to the accumulation of 
macrophages but not neutrophils or lymphocytes in the 
lung after intraperitoneal administration of endotoxin. 
Pretreatment of animals with soluble TNF 
receptor:immunoglobulin constructs attenuated the 


LPS-induced RANTES expression, suggesting a role for 
TNF in the induction of RANTES in this murine model 
of RANTES. 


9. RANTES in Disease and Therapy 


The role io the RANTES chemokine in disease should be 
considered in the larger context of leukocyte—endothelial 
interactions and the generation of an inflammatory 
response. The conventional model envisages a three-step 
process (Butcher, 1991; Springer, 1994; Adams and 
Shaw, 1994). First, selectins alłow the attachment of 
flowing leukocytes to the vessel wall through labile 
adhesions that permit leukocytes to roll in the direction 
of flow and allows them to sample the signals presented 
by the endothelium. Second, chemokines direct the 
migration of leukocytes by chemotaxis and haptotaxis. 
Chemokines also upregulate integrins on leukocytes and 
may allow the third step, which is the tight adhesion 
between integrins and their ligands on the endothelium. 
Chemokines are bound to the, endothelium by 
noncovalent interactions with the proteoglycans on the 
vessel wall. Chemokines provide molecular signals for 
specific cells to migrate into the interstitium (Shaw et al., 
1993), perhaps explaining the characteristic cellular 
infiltrates seen in various diseases. Structural variation of 
proteoglycans expressed on specific endothelial beds may 
add additional specificity by regulating which 
chemokines are retained. Chemokines also act within the 
interstitium to direct migration of cells. 

RANTES mRNA and protein are highly expressed 
during acute cellular rejection of human renal allografts 
(Pattison et al., 1994). Cellular rejection is characterized 
by a mononuclear cell infiltrate of T cells, macrophages, 
and occasional eosinophils. Given the activities of 
RANTES in vitro, it is a prime candidate for attraction of 
this infiltrate. RANTES mRNA and protein were barely 
detectable in 12 biopsies taken 1 h after formation of the 
vascular anastomosis during transplantation surgery or in 
three native renal biopsies from cardiac transplant 
recipients with cyclosporin nephrotoxicity. In contrast, 
RANTES mRNA and protein were present in 17 out of 
20 biopsies showing cellular rejection. RANTES mRNA 
and protein were detected in infiltrating mononuclear 
cells and in renal tubular cells. On peritubular capillaries 
only RANTES protein was found, with very low 
corresponding mRNA signal, suggesting that the 
RANTES protein was not produced by the endothelial 
cells but rather was made by other cell types and 
deposited on the vessel wall. 

The ¢m vivo demonstration of RANTES protein on the 
endothelium is particularly important because it is ideally 
situated to mediate haptotaxis. Shaw (1993) showed that 
MIP-18 binds selectively to the high endothelial venules 
of lymph nodes. Rot (1993) demonstrated that the 


glycosaminoglycan binding site and the neutrophil 
receptor binding site of IL-8 are positioned on opposite 
sides of the IL-8 molecule, allowing IL-8 to bind 
simultaneously to its neutrophil receptor and to the 
endothelial proteoglycan. 

It is tempting to speculate that RANTES may be 
important in the recruitment of monocytes and 
lymphocytes in other renal diseases such as interstitial 
nephritis and certain types of glomerulonephritis. One of 
the characteristic features of HIV nephropathy is an 
interstitial mononuclear cell infiltrate. Kimmel assayed 
tissue levels of RANTES and MCP-1 in renal biopsies 
from patients with HIV nephropathy (Kimmel et al., 
1993). They isolated the chemokines from the biopsy 
by high-performance capillary electrophoresis and 
quantified them using biotinylated antibodies with 
chemiluminescence enhancement. RANTES and MCP-1 
levels were significantly elevated (11.5 and 11.3 pg/mg, 
respectively) in patients with HIV nephropathy 
compared to biopsies without a cellular infiltrate (<2.0 
pg/mg). 

Enhanced recruitment of monocytes from the 
bloodstream to the arterial intima is also a feature of 
atherosclerosis. MCP-1 has been detected in human 
carotid endarterectomy specimens, primarily in 
macrophage-rich regions underlying the core of the 
plaque. RANTES mRNA and protein expression by 
infiltrating monocytes and lymphocytes, and by 
myofibroblasts and endothelial cells in coronary arteries 
undergoing the accelerated atherosclerosis, has been 
described in cardiac transplants (Pattison et al., 1996). 
Thus RANTES and the other chemokines may play an 
important role in the pathogenesis of atherosclerosis. 

Rheumatoid arthritis is another chronic inflammatory 
state characterized by the accumulation of mononuclear 
cells. Rathanaswami and colleagues (1993) found very 
high levels of RANTES mRNA and protein induced by 
IL-l and TNF in rheumatoid synovial fibroblasts in 
culture. Snowden used reverse transcriptase-polymerase 
chain reaction to detect RANTES mRNA and mRNA for 
the CCRI chemokine receptor in synovial tissue from 
patients with rheumatoid arthritis (Snowden et æl., 
1994). RANTES mRNA was detected in 4 of 7 
rheumatoid synovial tissue samples, and the receptor was 
detected in all 7 biopsies. 

Lymph nodes from patients with tuberculosis or 
sarcoidosis contain granulomas consisting mainly of 
memory T lymphocytes and macrophages. Devergne and 
colleagues demonstrated RANTES mRNA and protein 
expression by macrophages and endothelial cells in l5 
such lymph nodes, but not in lymph nodes with reactive 
hyperplasia (demonstrating a predominant B lymphocyte 
response). 

Endometriosis is associated with increased numbers of 
peritoneal macrophages. Khorram, using a RANTES 
ELISA, showed that RANTES levels were elevated in 
pelvic fluid collected from patients with moderate-severe 
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endometriosis (average 29.1 ng/ml) and that the levels 
correlated with the severity of the disease (Khorram et 
ARTOIS 

Since RANTES is an important cosinophil and 
basophil chemoattractant and causes mediator release, it 
is a good candidate as an intermediary in allergic disease. 
It is likely that many of the previously described 
histamine-releasing factors and eosinophil chemotactic 
factors of anaphylaxis are actually C-C chemokines. 
RANTES is found in the bronchoalveolar fluid of 
asthmatic individuals at levels higher than that of normals 
(Alam et al., 1993b). RANTES protein has also been 
detected in nasal polyp tissue (Beck et al., 1994). 

Thus, although our knowledge of the expression of 
RANTES is still fragmentary, it seems that RANTES 1s 
produced in a wide variety of inflammatory and 
neoplastic conditions. It will be important to determine 
RANTES expression in other diseases, and to 
simultaneously correlate it with the expression of the 
other C-C chemokines and their receptors. Established 
anti-inflammatory treatments, such as glucocorticoids, 
may work, in part, by suppressing chemokine secretion 
(Mukaida et al., 1994). Novel agents such as anti- 
RANTES monoclonal antibodies, or RANTES receptor 
antagonists may be applicable to a variety of autoimmune 
and inflammatory disorders. Immunotherapy of certain 
forms of cancer might be improved by engineering 
tumor cells to produce RANTES. Finally, the control of 
RANTES expression may play an important role in new 
therapies for the treatment of AIDS. 
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l. Introduction 


NAP-2 and ENA-78 are members of a new class of 
chemotactic cytokines sharing structural features and 
biological activities with interleukin-8 (IL-8). This class 
of cytokines, called C-X-C chemokines, is composed of 
platelet factor 4 (PF4) (Poncz et al., 1987); platelet basic 
protein (PBP) (Paul et al., 1980; Holt et al., 1986) and 
its cleavage products connective-tissue activating 
peptide-III (CTAP-III) (Niewiarowski et al., 1980), B- 
thromboglobulin (B-TG) (Begg et al., 1978) and 
neutrophil-activating peptide 2 (NAP-2) (Walz and 
Baggiolini, 1989, 1990); interleukin-8 (IL-8) (Schröder 
et al., 1987; Walz et al., 1987; Yoshimura et al., 1987); 
GROa,ß,y (Anisowicz et al., 1987; Haskill et al., 1990); 
ENA-78 (Walz et al., 1991a); GCP-2 (Proost et æl., 
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1993); SDF-1 (Nagasawa, 1994); and the two interferon 
(IFN)-y induced proteins yIP-10 (Luster et al., 1985) 
and MIG (Farber, 1993). Some of these proteins were 
discovered on the basis of their neutrophil-stimulating 
activity; IL-8, GROa,B,y, NAP-2, GCP-2, and ENA-78 
have similar profiles of biological activities on human 
neutrophils (Peveri et al., 1988; Moser et al., 1990; Walz 
et al., 199la). The other members of the family were 
shown to have no effects on neutrophils (Walz et al., 
1989; Dewald et al., 1992). An essential structural 
element for neutrophil activation is a Glu-Leu-Arg 
(ELR) motif in the 5’-structure of the protein (Clark- 
Lewis et al., 199 lie; Hebert et al., 1991). PF4, yIP-10, 
and MIG, which are devoid of the ELR sequence, do not 
bind to the IL-8 receptors on neutrophils and do not 
induce neutrophil responses such as chemotaxis, enzyme 
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release, respiratory burst and [Ca], changes. 
Introduction of the ELR motif into PF4 converted this 
factor into a  neutrophil-activating protein, thus 
illustrating this motif’s importance (Clark-Lewis et al., 
1993). An exception to the ELR rule is SDF-1] which has 
an SYR instead of the ELR sequence and was shown to 
be active on neutrophils and to induce [Ca], changes 
and chemotaxis (Oberlin et al., 1996). Whereas 
neutrophil chemotaxis and activation functions have 
been clearly established for the C-X-C chemokines, 
possible effects on other types of cells are still unclear and 
will have to be investigated. 

NAP-2 and ENA-78 have very similar biological 
functions and an extensive structural identity (53%). 
However, they differ markedly in their cellular origin as 
well as in their mode of synthesis and release. NAP-2 is 
produced by proteolytic cleavage from a precursor 
protein (PBP or CTAP-II1) contained in the a- 
granules of platelets. ENA-78, on the other hand, is 
induced and secreted preferentially from epithelial cells. 
This suggests that the two molecules, in spite of their 
similar neutrophil-activating functions, play different 
roles in inflammatory pathophysiology due to compart- 
mentalization of their production. Therefore, NAP-2 
might play a role in processes related to the vascular 
system, whereas ENA-78 might be more involved in 
inflammatory lung and gut diseases. 


2. The Cytokine Gene 
2.1 NAP-2 i 


NAP-2 is a proteolytic cleavage product of platelet basic 
protein (PBP) (Walz and Baggiolini, 1990). The cDNA 
for PBP has been cloned from a Agt11 expression library 
which was prepared from human platelet mRNA 
(Wenger et al., 1989). The 690 base pairs (bp) long 
cDNA codes for a peptide with 128 amino acids; 94 
amino acids are identical to the protein sequence 
reported for PBP (Holt et al, 1986). Both the 34- 
amino-acid leader sequence as well as the coding region 
for PBP show significant homology to the sequence of 
platelet factor 4 (PF4) (Poncz et al., 1987), another 
protein contained in the œ&-granules of platelets. 
lnterestingly, there is no homology, between the leader 
sequences of PBP and IL-8. In contrast, the leader 
sequence of ENA-78 (Chang et al., 1994; Corbett et 
al., 1994) shares a leucine-rich stretch with PBP, PF4, 
and GRO«a in which up to 7 out of 9 adjacent amino 
acids are identical (Wenger et al., 1989). The genomic 
structure of the human PBP has been determined using 
a clone from a DAMI cDNA library (Majumdar et al., 
1991) (Figure 30.1). The overall structure closely 
resembles that of the PF4 gene (Eisman et æl., 1990); it 
is 1139 bp long and contains two introns and three 
exons (Figure 30.2). The PBP gene differs from the 


genes of the other C-X-C chemokines such as IL-8, 
GROa, ENA-78, and ylP-10 by the fact that it lacks the 
intron which is located 4 or 5 amino acids from the 3’ 
end of the coding sequence. The gene for PBP was 
mapped to the long arm of chromosome 4 (q12-21) 
(Wenger et al., 1991) together with the genes of the 
other C-X-C chemokines. 


i 


2.2 ENA-78 


A partial cDNA for ENA-78 has been isolated by PCR 
using degenerate oligonucleatide primers and mRNA 
obtained from stimulated alveolar epithelial cells A549 
(Walz et al., 1991a). The structure of the 5’ end of the 
approximately 2.5 kb long mRNA has been determined 
using a 5°” RACE protocol (Chang et al., 1994; Corbett 
et al., 1994). The ENA-78 cDNA codes for a protein of 
114 amino acids (aa) with a putative 3l-aa leader 
sequence (cleavage at proline 3l-glycine 32). This 
suggests that the 78-aa protein isolated from human 
alveolar epithelial type-ll cells is proteolytically 
processed by 5 amino acids upon secretion (Corbett et 
al., 1994). A full-length cDNA encoding ENA-78 has 
also been obtained from human platelet mRNA (Power 
et al., 1994). The 105 bp 5’ flanking region of this 
cDNA is slightly shorter and has a different nucleotide 
sequence within the first 24 residues than the A549 
cDNA. The genomic structure of the ENA-78 gene has 
been determined using clones obtained from a human 
chromosome 4 flow-sorted cosmid library (Chang et al., 
1994; Corbett et al., 1994) (Figure 30.3). The ENA-78 
gene resembles the genes for 1L-8, GRO, and yIP-10: 
they all contain four exons and three introns (Figure 
30.4). The 5° flanking region comprises potential 
binding sites for several nuclear factors such as AP-2, 
NF«B, and interferon regulatory factor-l1. lt was 
suggested that the AP-2 site might play a role in cell- 
type specific expression of ENA-78 (Corbett et al., 
1994). Upon induction with 1L-1 or TNF-a, ENA-78 
is highly expressed in epithelial cells and to a lesser 
degree in other cell types such as monocytes/ 
macrophages (Walz et al., 1993b). 1L-8, which does not 
have AP-2-like binding sites in the same upstream 
region, is produced by almost every cell type in the 
body. A fusion gene containing the first 125 bp of the 5’ 
flanking region transfected into human embryonic 
kidney cells was inducible with TNF-a, 1L-18, and 
phorbol myristate acetate, suggesting that the NEKB 
element is sufficient for ENA-78 induction in these cells 
(Chang et al., 1994). IFN-a and 1EN-y have been 
demonstrated to effectively downregulate ENA-78 
mRNA and protein release from human monocytes 
(Schnyder-Candrian et æl, 1995). Recent results 
demonstrate that LPS causes a delayed, but long-lasting 
upregulation of ENA-78 in human monocytes 
(Schnyder-Candrian and Walz, 1997). 


NAP-2/ENA-78 451 





TTTCATGTATACGTATTCATTGATTTATTAATTATTTAAGACCTACTTTATATTGAAGTA 60 
TCCTACATGTTATAGGATACATGAGACAT TCAAACAAACACAGGACACGCCACTCCCTAC 120 
AAAAGTCATGGTTCAATTGAGGAAGGAAGTCTTACAGATGGGACAGAGAACCAGAAAATA 180 
ACATAAAGCCAACATGTAATGTGTAGGTCCACCTCTCTATCTTTATATAGCATTTCAGAC 240 
CAAAACCTTTAATTTGGGTCTGAGAATTCAGGAACAAATATTTTCCTTGGTAAGGACATT 300 
TCT TGCACAATTTCTAATAGTGCAAAATTGGAAACACCGTGAAGGGGCACCAACAAGGCA 360 
= AGGTTGAGTAACTATTGTTCTTATCACAGGACGTCACATGGTCATTAAGAAGAATGGGGG 420 
AAAACTACATTAAGATGACCTGAAAAGATAAGGAACACATATTTTTTGAAGGATAAAAGT 480 
CAGCTGTATAGTGATCCATATCAATACTTCTATGTATATGTGTACCTCTATGTCTTAAAC 540 
GTGTCTCATTGTATACATATACATGTGTGCATATAAGTGCAGACAGAATTGAAAACTAAT 600 
GCAAAATTGTTGACCAGTGTTTACCACTGAATATGAGGAATGTGGAGAAATGATGAAGAG 660 
AAATTTGTGTTTTATTTCAAAGACATCTGCAGCATACGAATCTTTTGCAATAAATTATAT AN 
AATTTTTCTGTTAAATTAAAAATAAAAAGAAAAATAAATATGCTGGGTCCTACTTTTTAG 780 
GTATTCTTAGGTGGTAGAAACAAGTAGCTTCTTTTGTAATGTAAAGGAGGATGAGTTTCA 840 
TTTGTAGTTTCTAGATGAAATTACAAAAAGATAATATAGATTGAAGGCAGAAAGAATCCA 900 
ATAAGCTAAAATCCAAAGACAACCTTTGACGGTAATTGGCTCTTATTTTACTTACATGCT 960 


CCARACCAATCCCAATATTTATCAACATTCATGAAAAGAAGATT TGC TiC Mme GGAAG m ha2 0 
CAAAGATAACTT 1@MG@I" TTCAAGGGCCACATCT MGT CCCIMGACC ICs E cia a A TANE OA 
CTATTAAGCCTAAAAACTGCAGTATAGAAAAGGCAGGGCGTATTGTTATAAATCATACAA 1140 
AAGAAAAATGCAATGTAGTATTTCAGTCTAGTICTTACCT TCC TeAACGGAG ICT TAC A mmmaan 
CAGGTGTAAGGAAGATAAGTATTGAGAAAGGGAGAGTGGGAATGTGAAGTGATGCACATT 1260 
PRCCARETTACRACCAATMIGCACETENEMEGMETTTCTCTGGGTTGGGCACAGCTTCAAA 1320 
TPeCmrAME TC TCTATEACCAGATACCETCAGTICCTCCTIMECTACCTCTICOTTCITAC W Ea 
TGGCTTTGAGAAACAGCATATAAATGACATCTTCAGGGCATGAGAAGCCACTTATCTCCA 1440 
CAeTTECTPACCCACCAACTCACC@TCN@TCAGHES TOPIC TGOTTCTGGAAACAACTCTAG 1500 
CTCAGCCTTCTCCACCATGAGCCTCAGACTTGATACCACCCCTTCCTGTAACAGTGCGAG 1560 
ACCACTICATCCCTTGCAGETECTGCTGCTTCTGTCATTGCTGCTGACTGCTCTGGCTIRC. 1620 
QTCCACCAAAGGACAAACTAAGAGAAACTTGGCGAAAGGCAAAGGTAGAGGCCCTGCTTC 1680 
TCTGCACTTGTTGCTGCTTCTGCTACACCTGTCTCGGGGTAAATAGCATGCTTGGTGCCT 1740 
TTGGGGCTGGAGAGGGCCATTATACCAATAACTCCAATTGGAGGAGACACACAGGGGGGT 1800 
CACTTCTCACTTCTTGTGTGCTGGGCAATCTTCTGGGCACTTTACTAAAGCGTTACAGAT 1860 
CATATTCACAATGGCTTTATGAGAGAGGTCAATTGCCCTCAATCTGCAAATAAGAGACCT 1920 
GAGGAAAATATTCATGACCACCAATAGGTCACATTTTCTACCCTAGAGGAAAGTCTAGAC 1980 
AGTGACTTGTATGCIIGGAACTCCGCTGCATGTGTATAAAGACAACCTCTGGAATTCATCCC 2040 
AAAAACATCCAAAGTTTGGAAGTGATCGGGAAAGGAACCCATTGCAACCAAGTCGAAGTG 2100 
ATGTAAGTTGCTGTTTCTGTGCTATTGCCTTATCAGAGAAACCCTCTACCTCCATCCACA 2160 
TATGCACTCGTTTTCCTCCAGTCTCATGGATGGATTAGTTCTGATATTCAGATCAGGACA 2220 
CCCACAGATAACCCTGTTCTCTTTTGCAGAGCCACACTGAAGGATGGGAGGAAAATCTGC 2280 
CTGGACCCAGATGCTCCCAGAATCAAGAAAATTGTACAGAAAAAATTGGCAGGTGATGAA 2340 
TCTGCTGATTAATTTGTTCTGTTTCTGCCAAACTTCTTTAACTCCCAGGAAGGGTAGAAT 2400 
TTTGAAATTGATTTTCTAGAGTTCTCATTTATTCAGGATACCTATTCTTCTGTATTAAAT 2460 
TTGGATATGTGTTTCTTCTGTCTCAAAAATCACATTTTATTCTGAGAAGGTTGGTTAAAA 2520 
GATCCCAGAAAGAAGATGAAAATAAATAACCCTGGTTTCAACCCTCTAATTCTTGCCTAA 2580 
ACATTGGACTGTACTTTGCATTTTTTTCTTTAAAAATTTCTATTCTAACCACAACTTGGT 2640 
TCATTTTTCCTGGTCTACTTTATGGTTATTAGACATACTCATGGGTATTATTAGATTTCA 2700 
TAATGGTCAATGATAATAGGAATTACATGGAGCCCAACAGAGAATATTTGCTCAATACAT 2760 
TTTTCTTAATATATTTAGGAACCTTAATGGAGTCTCTCAGTGTCTTAGCCTAGGATGTCT 2820 


TATTTTAAAA 2820 


Figure 30.1 Gene sequence of the PBP/NAP-2 gene. The “TATA” sequence and the poly(A) signal sequence are 
underlined. The position of the amino terminal of the mature PBP protein is boxed. The cleavage point of the signal 
peptide is identical with the amino terminus of PBP. Putative sites of initiation of transcription and poly(A) are 
asterisked. 
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Figure 30.2 Gene structure of the PBP/NAP-2 gene. The three exons are indicated in the figure by black boxes. 
Amino acid residues encoded by each individual exon are indicated above the exon. The sizes of the introns are 
indicated below the scheme. Arrows indicate transcription initiation and poly(A) signal sequences. Relative positions 

of restriction sites are indicated. 


Figure 30.3 Gene sequence of the ENA-78 gene. The 


GAATTCTCAGTAAGCGGACTTACCAAAGTAGGTGATCTGTAGGGGAGTTAACAAAATTCA 
GTGGTCCTT TCAGGCCACTGACTTCAAGTGGCAAGAGACAAGGGTCTCTTGTTATCATGT 
TATCTIGGCTTCCAAAGCTGGTTGAAGTCCAGAGATTCATAAAGTCATTGAAGAAACCTA 
GAA TGACCTGCCTGCAAGAAGACAGGAAGGACTTTCAGTTTATAGCAATTCAAACATGAA 
TAACATTTCCTGATTAATAGTAATAATAATTAGAAAGGATTGACTTTCAGAAATTTTTCT 
CAAATGAAGGCTCCTGTTACTTTGGTTCCACCTITTCTCTCTAGAAGGAGAGGAGGAGCA 
TCTCCCAGATGCTGCGTGC TCCAGAAAAGCCGGCATCCCTAGCCCGCTCTGGCACAGGCC 
ATGAGGCGCTGCTGAATCCTGCTGAATAGCTACTCCCTTCTAGCTGGAGCCACAGCTCCC 
TCCACCGCGGAACAGGGTTAGAACGTCCCTCTCGGTAGAGGTGCACGCAGCTCCTCCTGG 
CCACCCTCCCCACCAGT TCCCATTGTCTGGCCCCCCTCCCCCAACCTCTTCTTTCCACAC 
TGCCCCATGAGTTCAGGGAATTTCCCCAGCATCCCAAAGCTTGAGTTTCCTGTCAGTGGG 





* 
GAGAGATGAGTGTAGATAAAAGGAGTGCAGAAGGAACGAGGAAGCCACAGTGCTCCGGAT 
CCTCCAATCTTCGCTCCTCGAATCTCCGCTCCTCCACCCAGTTCAGGAACCCGCGACCGC 


TCGCAGCGCTCTCTTGACCACTATGAGCCTCCTGTCCAGCCGCGCGGCCCGTGTCCCCGG 
M S LLS SRAARVPG 
TCCTTCGAGCTCCTTGTGCGCGCTGTTGGTGCTGCTGCTGCTGCTGACGCAGCCAGGGCC 
P S S SE CA LE V Li foi tf 6 pte Pp 
CATCGCCAGCGGTCAGAGCGCATGGCGCGCGGGACGCACTCGCACTCGGGCACAGAGGTG 
T A S 
CATCCCAGCCTCTGCGGGGTCGCTGCGTTCCAGGGAACTCTCCCAGCAACCTGCCCTATA 


AAGGGTGTCTCTCTTTCTTCCCCAGCTGGTCCTGCCGCTGCTGTGTTGAGAGAGCTGCGT 
AJG P AA AVE REL R 
TGCGTTTGTTTACAGACCACGCAGGGAGTTCATCCCAAAATGATCAGTAATCTGCAAGTG 
cvete?etreGvypeH PK M IS WN EL 2 Y 
TTCGCCATAGGCCCACAGTGCTCGAAGGTGGAAGTGGTGTAAGTTCTGTGCTGCTGTGTC 
BoA 2 GPIO C SKYR v y 
CGCTGTGACCTTGGGAAGAGAGAAATCCCGCAGCCTGGGTCTTCAACCTTGGTATCTCAT 


GAGTGTATCTTCTTTTTCTTTCCTTCAGAGCCTCCCTGAAGAACGGGAAGGAAATTTGTC 
A S L K N G K E fC 
TIGATCCAGAAGCCCCTTTTCTAAAGAAAGTCATCCAGAAAATTTTGGACGGGTACTTGT 
L D P E A Ff FL K KV F @ Kk TF - 2£ pe G 
CACTITGATCTTTIGTGGTTTCTAAATCTGATCTAGGGAGACCATAGACTTCAGAAGGTCT 


TTATTCTCTGTACGATTTAAGTAACACTITTCATGTTTAGAATTAAAAGGTTGTTGAATT 
GGGAAAGTTTTTCTGGATTGTCCTGGGAAAATATACCAATCTTACATGTAATTACTTGAG 
GAATTACACACAGCTTGTCACTAAGTTATGTTITTTGTTTACCCATTGCTTTTATTCATT 
TITGTATICTCCTITTTTACCAAACATCATAAACGCTGAGTTTTGAGAAGGGTGGACTAG 


AAAGGAGTGTGAAAAATGGT TAAACTAATATAACATTTTTCTCAACAGTGGAAAGAAGGA 
G NK &£ 
AAACTGATTAAGAGAAATGAGCACGCATGGAAAAGTT TCCCAGTCTTCAGCAGAGAAGTT 


TICTGGAGGTCTCTGAACCCAGGGAAGACAAGAAGGAAAGATTTTGTTGTTGTTTGTTTA 
TITGTITTTCCAGTAGTTAGCTT TCTTCCTGGATTCCTCACTTTGAAGAGTGTGAGGAAA 
ACCTATGTTTGCCGCTTAAGCTTTCAGCTCAGCTAATGAAGTGTTTAGCATAGTACCTCT 
GCTATTTGCIGTTATTTTATCTGCTATGCTAT TGAAGTTTTGGCAATTGACTATACTGTG 
AGCCAGGAA TCACTGGCTGTTAATCTTTCAAAGTGTCTTGAATTGTAGGTGACTATTATA 
TITCGAAGAAATATTCCTTAAGATATTAACTGAGAAGGCTGTGGATTTAATGTGGAAATG 
ATGTTTCATAAGAATICTGTTGATGGAAATACACTGTTATCTTCACTTTTATAAGAAATA 
GGAAATATTTTAATGTTTCTTGGGGAATATGTTAGAGAATTTCCTTACTCT TGATTGTGG 
GATACTATTTAATTATTITCACTTTAGAAAGCTGAGTGTT TCACACCTTATCTATGTAGAA 
TATATTTCCTTATTCAGAATTTCTAAAAGTTTAAGTTCTATGAGGGCTAATATCTTATCT 
TCCTATAATTTTAGACATTCTTTATCTITTTAGTATGGCAAACTGCCATCATTTACTTTT 
AAACTTITGATTTTATATGCTATTTATTAAGTATTTTATTAGGAGTACCATAATTCTGGTA 
GCTAAATATATATTTTAGATAGATGAAGAAGC TAGAAAACAGGCAAATTCCTGACTGCTA 
GTTTATATAGAAATGTAT 


“TATA” and the “CAT” sequence are underlined. The 
position of the amino terminal of the mature ENA-78 
protein is boxed. The cleavage point of the signal 


peptide is indicated by an arrow. Transcription initiation 


site determined by a 5’-RACE protocol is asterisked. 


3. The Protein 
3.1 NAP-2 


NAP-2 was discovered and isolated on the basis of its 
neutrophil-activating properties (Walz and Baggiolini, 
1989). Amino- and carboxy-terminal sequencing 
identified NAP-2 as a cleavage product of PBP (Paul et 
al., 1980; Holt et al, 1986) and its derivatives 
connective-tissue activating peptide IIT (CTAP-III; also 
called low-affinity platelet-activating factor 4) 
(Niewiarowski et al., 1980), and B-thromboglobulin (B- 
TG) (Begg et al., 1978) (Figure 30.5). They all share an 
identical carboxy terminus, but differ at the amino- 
terminus by +24 (PBP), +15 (CTAP-III), and +1] 
residues (B-TG) in respect to NAP-2. While PBP, CTAP- 
MI, and B-TG may have other biological functions, only 
NAP-2 has neutrophil-stimulating activities (Walz et al., 
1989). NAP-2 consists of 70 amino acids and has a 
calculated molecular mass of 7628 Da (Figure 30.6). 
Owing to its basic isoelectric point of about 8.7 it can be 
readily purified by cation exchange and reversed-phase 
chromatography. Similar to IL-8, NAP-2 is a fairly stable 
molecule, resisting harsh conditions such as pH 2.0, 
elevated temperature, and treatment with a number of 
proteases such as chymotrypsin and cathepsin G (Peveri 
et al., 1988; Padrines et al., 1994). Furthermore, NAP-2 
was shown to be stable in fresh human serum for more 
than 2 h at 37°C (Walz et al., I991c). Under the same 
conditions the classical receptor agonist C5a is rapidly 
inactivated. Similarly, other chemoattractants such as 
{Met-Leu-Phe and the lipids leukotriene B, and platelet- 
activating factor are rapidly inactivated by oxidation or 
hydrolysis (Colditz et al., 1990). In contrast to IL-8, 
NAP-2 is significantly more susceptible to degradation 
with trypsin and proteinase-3 (Padrines et al., 1994). In 
common with all the other members of the C-X-C 
chemokine family, NAP-2 contains four conserved 
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Figure 30.4 Gene structure of the ENA-78 gene. Boxes represent exons. Amino acid residues encoded by each 
individual exon are indicated above the exon. The sizes of the introns are indicated below the scheme. Arrow 
indicates transcription initiation site. Relative positions of restriction sites are indicated. 


PBE SSTKGQTKRNLAKGKEES LDS DLYAELRCMCI KTTSGIH PKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD 
CTAP-III NLAKGKEES LDS DLYAELRCMC IKTTSGIHPKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD 
B-TG GKEES LDSDLYAELRCMCIKTTSGIHPKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD 
NAP-2 AELRCMCIKTTSGIHPKNIQSLEVIGKGTHCNQVEVIATLKDGRKICLDPDAPRIKKIVQKKLAGDESAD 
ENA-78 AGPAAAVLRELRCVCLOTTQGVHPKMI SNLOVFAIGPQCSKVEVVASLKNGKEICLDPEAPFLKKVIQKI LDGGNKEN 
boENA VVRELRCVCLTTTPGIHPKTVSDLOVIAAGPOCSKVEVIATLKNGREVCLDPEAPLIKKIVQKILDSGKN 


Figure 30.5 Amino acid sequences of PBP and its cleavage products CTAP-IIl, B-TG, NAP-2; ENA-78, and boENA. 
Sequences were aligned according to their conserved cysteine residues (bold). Abbreviations: PBP, platelet basic 
protein; CTAP-III, connective-tissue activating protein Ill; B-TG, B-thromboglobulin; NAP-2, neutrophil-activating 
protein 2; ENA-78, epithelial-cell derived neutrophil-activating protein 78; boENA, bovine ENA. 
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Figure 30.6 Primary and secondary structure of NAP-2. Cysteine residues are indicated by solid circles. 


cysteine residues, the first two spaced by one amino acid. 
These residues form two characteristic intramolecular 
disulfide bonds linking Cys’-Cys” and Cys Cys" (Begg 
et al., 1978). The activity is lost upon reduction of the 
disulfide bridges. NAP-2 contains potential sites for 
protein kinase C, casein kinase-II phosphorylation 


(Thr), N-myristoylation (Gly) and amidation (Asp*’), 
but no sites for N-linked glycosylation (Walz and 
Baggiolini, 1989). The fact that synthetically produced 
NAP-2 is fully active suggests that such modifications are 
not required for neutrophil-stimulating activity (Clark- 
Lewis et al., 199la). Whereas PF4 was shown to 
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preferentially form tetramers (Moore et al., 1975; Mayo 
and Chen, 1989), CTAP-III monomers were shown to 
be favored under physiological conditions (Mayo, 1991), 
suggesting that the active form of NAP-2 is a monomer 
also. The discrepancy in molecular nature of PF4 and 
CTAP-III may account for the difference in binding 
strength to heparin, CTAP-III eluting from 
heparin-agarose at about 0.35 M NaCl and PF4 eluting 
at 1.4 M NaCl (Holt et al., 1986). Recombinant NAP-2 
has been crystallized and the crystal structure has been 
resolved at 1.9 A resolution (Kungl et al., 1994; 
Malkowski et al., 1995). The overall tertiary structure 
was found to be similar to PF4 and IL-8. It includes an 
extended amino-terminal loop, three strands of 
antiparallel B-sheets arranged in a Greek key fold, and 
one -helix at the carboxy-terminus. A similar structure 
for monomeric NAP-2 was also determined in solution 
using “H nuclear magnetic resonance spectroscopy 
(Mayo et al., 1994). 


3.2 ENA-78 


ENA-78 was isolated from human alveolar type-II 
epithelial cell line A549 (Walz et al., 1991a) and consists 
of 78 amino acids with a molecular mass of 8357 Da 
(Figure 30.7). No N-linked glycosylation sites were 
detected, but ENA-78 contains a putative phos- 
phorylation site for protein kinase C and casein kinase-II. 
ENA-78 is a typical C-X-C chemokine and has its highest 
identity in amino acid sequence to GCP-2 (77%) (Proost 
et al., 1993), NAP-2 (53%) (Walz and Baggiolini, 1989), 
and GROw (52%) (Haskill et al., 1990). However, its 
identity to IL-8 is rather low (22%) (Walz et al., VISA 
Incubation of recombinant ENA-78 with cathepsin G 
and chymotrypsin zm vitro yielded a transient increase in 
biological activity predicting amino-terminal variants 
with higher potency (Walz et al., 1993b). A similar 
proteolysis might occur zm vivo in the presence of 
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neutrophils or monocytes. Bovine ENA isolated from 
alveolar macrophages and blood monocytes contains 
only 5 amino acids preceding the first cysteine residue 
and thus represents such a proteolytically processed form 
of ENA-78 in a different species (Allmann-Iselin et al., 
1994) (Figure 30.5). 


4 Cellular Sources and Production 
4.1 NAP-2 


NAP-2 was originally isolated from supernatants of 
sumulated mononuclear cells (Walz and Baggiolini, 
1989). ‘Subsequently it was demonstrated that NAP-2 
was exclusively formed by proteolytic cleavage from PBP 
or CTAP-III, which are stored in the a-granules of 
platelets and are released into the bloodstream upon 
platelet activation (Holt et al., 1986; Walz and Baggiolini, 
1990; Car et al., 1991). The discovery of NAP-2 was 
therefore based on platelet contamination in 
mononuclear cell preparations. Indeed, platelets tend to 
adhere to monocytes when buffy coats are prepared 
(Pawlowski eż al., 1983). Highly purified monocytes, 
platelets, or thrombin-induced platelet release 
supernatant (PRS) by itself did not yield any significant 
amounts of NAP-2 (Walz and Baggiolini, 1990; Walz et 
al., 1990). Upon mixing of unstimulated monocytes and 
platelets or PRS, NAP-2 (70-amino-acid form) was 
produced. Lipopolysaccharide (LPS)-stimulated mono- 
cytes and platelets or PRS yielded, in addition to NAP-2 
(70 amino acids), three other variants of NAP-2 of length 
75, 74, and 73 amino acids, possibly owing to induction 
of additional proteases by monocytes (Walz and 
Baggiolini, 1990; Walz et al., 1990). In vitro proteolysis 
of CTAP-III or B-thromboglobulin with chymotrypsin 
and cathepsin G yielded active NAP-2 (Car et al., T20 
Cohen etal., 1992) (Figure 30.8). Upon incubation with 
highly purified CTAP-III, cathepsin G, which is known to 
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Figure 30.7 Primary and secondary structure of ENA-78. Cysteine residues are indicated by solid circles. 
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Figure 30.8 Processing of PBP precursor to B-TG and NAP-2 isoforms. Empty bars indicate inactive forms and 
shaded bars indicate proteins with neutrophil-stimulating activity. 


be released from monocytes and _  degranulating 
neutrophils, yielded two active peaks with markedly 
different HPLC mobility but identical NH,-terminal 
sequence (Car et al, 1991). This suggested that in 
addition to the formation of NAP-2 (70 amino acids) an 
additional variant with processed C-terminal end was 
produced. Subsequently, such a C-terminal truncated 
form of NAP-2 was detected and characterized in 
supernatants of mononuclear cells (Brandt et al., 1993). 
C-terminal truncation of NAP-2 has revealed that the 66- 
aa molecule has a 3-fold higher potency than the native 
70-aa protein (Ehlert et al., 1995). Cathepsin G, which 
binds to platelets and activates the release of granule 
content, is capable of producing NAP-2 (De Gaetano et 
al., 1990; Selak and Smith, 1990; Cohen et æl., 1992). 
The interaction of neutrophils or monocytes with 
platelets appears to be an essential prerequisite for NAP-2 
production, whereas activated lymphocytes were 
apparently unable to convert CTAP-III to neutrophil- 
activating peptide 2 (Walz and Baggiolini, 1990). 

In contrast to human platelets, porcine platelets 
contain two active forms of NAP-2, a 73-aa form and a 
variant with seven additional amino acids at the NH,- 
terminus (Yan et al., 1993). The short form was shown 
to have comparable activity to human NAP-2, whereas 
the longer form had markedly reduced activity. Porcine 
NAP-2 is highly homologous to human NAP-2 (68% 
identity). 


4.2 ENA-78 


ENA-78 was purified from supernatants of IL-1B or 
TNFo-stimulated human alveolar type-lI epithelial cell 
line, A549 (Walz et al., 199 1a). Using a synthetic 43-mer 


oligonucleotide probe, the production of ENA-78- 
specific mRNA has been detected in IL-1f-stimulated 
alveolar type-II epithelial cells, monocytes, endothelial 
and mesothelial cells as well as in monocytes stimulated 
with lipopolysaccharide (Walz et al., 1993b). ENA-78 
mRNA levels were low or not detectable in keratinocytes 
and in some fibroblast lines. Using a specific ELISA for 
ENA-78, protein release has been observed from IL-1B- 
stimulated alveolar type-II epithelial cells, from blood 
monocytes, from normal pulmonary fibroblasts but not 
from embryonic lung fibroblasts and keratinocytes, and 
from blood monocytes stimulated with IL-1, TNF, and 
LPS (Stricter et al., 1992a; Schnyder-Candrian et al., 
1995; Walz et al., 1997). Primary cultures of renal 
cortal epithelial cells expressed significantly increased 
levels of ENA-78 mRNA and ENA-78 antigen in 
response to IL-1 stimulation. However, stimulation 
of these cells with TNF-a, IFN-y, and LPS failed to 
induce ENA-78 or its mRNA (Schmouder et al., 1994). 
Release of low levels of ENA-78 was also observed from 
1L-1- and TNF-stimulated pulmonary smooth muscle 
and arterial endothelial cells (Lukacs et al., 1995). 
Overall, the production of ENA-78 differs markedly 
from IL-8 or GROa, which are readily induced with 
IL-l or TNF-a in various fibroblast lines, alveolar 
macrophages, and keratinocytes (Schröder, 1992; 
Baggiolini et al., 1994). 

N°-monomethyl-L-arginine (NMA), an inhibitor of 
the nitric-oxide synthetase pathway, enhanced the 
production of ENA-78 and IL-8 from human peripheral 
blood monocytes in a mixed lymphocyte reaction by 5- 
fold and 2-fold, respectively (Orens et al., 1994). In 
contrast, the production of MCP-1 and MIP-1a@ was not 
significantly altered in the presence of NMA, suggesting 
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that products of the L-arginine oxidative metabolism may 
negatively effect the synthesis of inducible C-X-C 
chemokines. At present, it is unclear whether this 
inhibitory effect is caused by nitric oxide, by other 
intermediate metabolites of L-arginine, or by second 
messengers. 

Bovine ENA (boENA) was identified and purified 
from endotoxin-stimulated monocytes and alveolar 
macrophages (Allmann-Iselin et al., 1994). boENA is 
closely related to the human homolog and is identical to 
bovine granulocyte chemotactic protein-2 (GCP-2) 
isolated from bovine kidney tumor cells (Proost et al., 
1993). Naming this factor boENA instead of bovine 
GCP-2 is more appropriate owing to the higher identity 
of boENA to human ENA-78 (73%) than to human 
GCP-2 (67%) and to its pattern of expression and 
biological activity, which closely resembles that of ENA- 
78. The immunohistochemical identification of bobENA 
in the hyperplastic type-II alveolar epithelial cells and in 
pulmonary alveolar leukocytes of pneumonic bovine 
lungs strongly supports a role for ENA-78 in the genesis 
of pulmonary inflammation (Allmann-Iselin et al., 
1994). Human ENA-78 was shown to have a stretch of 
I2 amino acids upstream from the first cysteine residue; 
cathepsin G is able to truncate this NH,-terminus in vitro 
by 8 residues yielding a 70-aa peptide with about 5-fold 
higher potency (Walz et al., 1993b). boENA had a 
similarly truncated NH,-terminus and only a single 
species with 70 amino acids was observed. Potency 
differences with truncated NH,-terminal variants have 
been observed earlier with IL-8 produced by tissue cells 
such as epithelial cells (77 amino acids), and monocytes 
(72 amino acids) (Lindley et al., 1988; Walz ef al., 
291a). 


5. Biological Activities 
5.1 ACTIVITIES ON NEUTROPHILS 


NAP-2 was first observed as a minor peak with elastase- 
releasing activity on cytochalasin B-treated human 
neutrophils during HPLC purification of IL-8 (Walz and 
Baggiolini, 1989). In the elastase-release assay, highly 
purified as well as recombinant NAP-2 was active at 
concentrations ranging from 1 to 100 nM, whereas the 
NAP-2 precursors PBP and CTAP-III were practically 
inactive. IL-8 was consistently more effective than NAP- 
2 especially at concentrations >3nmM (Walz and 
Baggiolini, 1989; Walz et al, 1989). Similar 
concentration-dependent effects of NAP-2 were also 
observed for exocytosis of lactoferrin or elastase as 
markers for the activation of either specific or azurophilic 
granules (Van Damme et al., 1990; Petersen et al., 1991; 
Brandt et al., 1992; Holt et al., 1992). Pretreatment of 
neutrophils with TNF-a enhanced enzyme release by 


NAP-2 and IL-8 from both types of granules (Brandt et 
al., 1992). NAP-2 induced neutrophil chemotaxis and 
changes of cytosolic free calcium in a concentration- 
dependent fashion (Walz et al., 1989; Clark-Lewis et al., 
[99]a). At equimolar concentrations, both NAP-2 and 
ENA-78 induced similar responses, with significant 
effects observed down to 107° m (Walz et al., 199 1a). 
Again, PBP and CTAP-III were about I000-fold less 
active, giving rise to a weak signal at the highest 
concentration tested (100 nM) (Walz et al., 1989). 
Similarly, PF4, which was reported to be chemotactic for 
neutrophils (Deuel et al., 1981; Bebawy et al., 1986) was 
found to be inactive at concentrations up to 10” m (Walz 
et al., 1989). NAP-2 is an inducer of the respiratory burst 
in human neutrophils and its activity is comparable to the 
activity of GRO (Moser et al., 1990; Walz et al., 
[991b). Their efficacy, however, is low compared to that 
of IL-8 or other agonists such as fMet-Leu-Phe (FMLP) 
or C5a (Baggiolini and Dewald, 1984; Moser et al., 
1990). IL-8, NAP-2, and GRO« increased surface 
expression of CD1Ib/CD18 and CRI on neutrophils, 
indicating that they cause the exocytosis of specific 
granules and change the adhesive interactions of 
neutrophils with their surroundings (Detmers et al., 
199I). In agreement with these results, binding of 
CD11b/CD18 to its ligand C3bi was strongly enhanced 
by IL-8, GROa, and NAP-2, and changes in F-actin 
content were observed (Detmers et al., 1991). While 
CTAP-III does not bind specifically to the IL-8 receptors 
and does not activate neutrophils to release elastase, it 
was shown to decrease the activating effects of NAP-2 
and IL-8 in a concentration-dependent manner (Haerter 
et al., 1994). Desensitization of neutrophils by CTAP-IT] 
was due to NAP-2 formed by proteolytic processing of 
CTAP-lIT. Neutrophils pretreated with 2 nm of NAP-2 
also significantly downregulated a subsequent effect with 
100 nM NAP-2, suggesting a modulatory mechanism 
that might be important under conditions of platelet 
activation to prevent an overshoot of neutrophil 
function. 

ENA-78 was purified on the basis of its elastase- 
releasing activity on cytochalasin B-treated human 
neutrophils (Walz et al., 1991a). Highly purified natural 
as well as recombinant ENA-78 was active at 
concentrations ranging between 1 and 100 nM, as was 
the case for NAP-2, whereas IL-8 was more active. ENA- 
78 induced a concentration-dependent chemotaxis 
between 0.1 and 100nM im vitro. This response was 
identical to chemotaxis induced by NAP-2, but 
somewhat weaker than observed with IL-8. The lower 
potency of ENA-78 with respect to IL-8 was also 
apparent by the measurements of stimulus-dependent 
changes in cytosolic free calcium (Walz et al., 199 1a). 
Incubation of ENA-78 with cathepsin G yielded a NH,- 
terminal truncated variant with about 5-fold higher 
activity (Walz et al., 1993b). ENA-78 upregulated cell 
surface expression of integrin Mac-l on human 


neutrophils with an EC,, of 22 nM, while 1L-8 was more 
potent (EC,, = 0.6 nM) (Bozic et al., 1996). 


5.2 ACTIVITIES ON BASOPHILS AND 
EOSINOPHILS 


Basophil leukocytes express functional IL-8 receptors as 
shown by binding studies and changes in [Ca*], after 
IL-8 stimulation (Krieger et al., 1992). [Ca], changes 
were also observed with NAP-2 but not with CTAP-U1 
and PF4 (Krieger et al., 1992). In unprimed basophils, 
IL-8 induced histamine release which was enhanced 
severalfold by pretreating the cells with IL-3. In 
contrast, NAP-2 only induced histamine release in 1L-3 
primed basophils but to a significantly smaller extent 
than IL-8 (Krieger et al., 1992). CTAP- and PF4 
were inactive. Other authors observed histamine release 
with NAP-2 as well as CTAP-III without IL-3 
pretreatment (Baeza et al., 1990; Nourshargh et al., 
i? Z, Kuna ef al., 1993). 

Contradictory results exist on the effects of 1L-8 on 
[Ca**], changes in eosinophils. Weak responses were 
observed in a study using eosinophils from patients with 
hypereosinophilic syndrome (Kernen et al., 1991). In 
other studies using cells from healthy volunteers, no or 
only an insignificant [Ca”]; change was detected with IL- 
8, NAP-2, or PF4 (Schweizer et al., 1994; Simon et al., 
1994) and ENA-78 (Walz, unpublished results), 
suggesting that low neutrophil contamination in 
eosinophil preparations may have caused [Ca**], fluxes. 
Eosinophils from normal individuals were shown to be 
chemotactically responsive to C5a, PAF, LTB,, and some 
CC-chemokines but not to IL-8, PF4, NAP-2, and B- 
thromboglobulin. However, eosinophil chemotaxis with 
1L-8 was observed when cells were pretreated with 1L-3, 
GM-CSF, or IL-5 (Warringa et al., 1991; Ebisawa et aL., 
1994; Schweizer et al., 1994). Eosinophil accumulation 
has also been observed i vivo, in response to intradermal 
injection of human IL-8 into guinea-pigs or dogs 
(Collins et al, 1993; Meurer et al., 1993). 


5.3 ACTIVITIES ON ENDOTHELIAL 
CELLS 


C-X-C chemokines containing the ELR motif, such as 
ENA-78, NAP-2, and IL-8, were demonstrated to 
promote endothelial cell proliferation and chemotaxis 1m 
pitro, and to cause neovascularization of rat and rabbit 
cornea in vivo (Koch et al, 1992b; Strieter et al., 
1992b,c). In contrast, non-ELR C-X-C chemokines such 
as yIP-10, MIG, or PF4, behaved as angiostatic factors 
and inhibited in a concentration-dependent manner 
endothelial cell proliferation and chemotaxis induced by 
ENA-78 and IL-8 (Strieter et al., 1995c). Similar results 
were also obtained in a rat model of cornea 
neovascularization. Interestingly, yIP-10, MIG, and PF4 


NAP-2/ENA-78 457 


also inhibited the response of the unrelated angiogenic 
molecule basic fibroblast growth factor (Angiolillo et al., 
a Otrictert? a | oc. LUSLEr PL 1995). 

IL-8 molecules having the ELR motif replaced by 
TVR (corresponding motif in yIP-10) or DLQ 
(corresponding motif in PF4) were no longer active in 
inducing endothelial cell chemotaxis; instead, these 1L-8 
variants inhibited the response of wild-type 1L-8 by 
more than 80% (Strieter et al., 1995c). If, on the other 
hand, the ELR motif was introduced into MIG, it 
transformed from an angiostatic to an angiogenic 
protein. These results point to the importance of the 
ELR motif as an essential requisite for angiogenic 
activity of C-X-C chemokines. While the angiogenic 
activity may possibly be transmitted via an 1L-8 
receptor, the transduction of the inhibitory effect may 
involve heparan sulfate proteoglycans on the cell surface 
of endothelial cells (Ryback et al., 1989; Luster et al., 
1995): 


5.4 ACTIVITIES ON OTHER CELL 
TYPES 


ln contrast to 1L-8 and GROQ, which induce a transient 
[Ca^]; signal in human monocytes, no such effect was 
observed with NAP-2 or ENA-78 (Walz et al., 1991b). 

CTAP-111 and NAP-2 isoforms (at 10% M and higher) 
were shown to stimulate ['*C]glycosaminoglycan 
synthesis in human synovial cell cultures (Castor et al., 
1989) and to induce [°H]thymidine incorporation into 
DNA of human fibroblasts cultures (Castor et al., 1990). 
These responses were demonstrated at agonist 
concentrations 10- to 500-fold higher than used for 
neutrophil activation. At similar concentrations human 
CTAP-III and NAP-2 (but not 1L-8) stimulated 2- 
deoxyglucose uptake into murine 3T3-F442A fibroblasts 
and increased the number of GLUT-1_ glucose 
transporters (Ku Tai et al., 1992). 

CTAP-IlI; as well as PF4 have been shown to inhibit 
megakaryocyte colony formation i” vitro (Gewirtz et al., 
1989; Han et al, 1990). Using concentrations of 
l0 ug/ml, a 100% inhibition was obtained with PP4, 
whereas CTAP-III yielded a 60% inhibition of 
megakaryocyte colony formation (Han et al, 1990). 
NAP-2 was recently shown to be about 1000-times more 
potent than PF4 (Gewirtz et al., 1995). The presence of 
mRNA for both receptors 1L-8R1 and 1L-8R2 in 
megakaryocytes suggests that they mediate the inhibitory 
effects of C-X-C chemokines on megakaryocyte colony 
formation i” vitro, and that they may be involved in the 
regulation of megakaryocytopoiesis 77 vivo. ENA-78 and 
other C-X-C chemokines were reported to synergistically 
suppress the proliferation of multipotential myeloid 
progenitor cells when applied in combination with 
macrophage-stimulating protein (Broxmeyer et æl., 


1996). 
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5.5 IN VIVO EFFECTS 


Intradermal injection of NAP-2 into the rabbit skin 
caused plasma leakage and '™In-labeled neutrophil 
accumulation at doses of 2 x 10°*' mol/site and higher, 
while virtually no effect was observed with CTAP-I11 
(Van Osselaer et al., 1991). The effects of NAP-2 and 1L- 
8 have also been compared histologically in the skin of 
rabbits and rats (Walz et al., 1991c, 1993a; Zwahlen et 
al., 1993). In rabbits, human NAP-2 was clearly less 
active than IL-8 at 0.01 nmol/site, whereas at 0.1 and 
I nmol/site a similar massive neutrophil migration from 
venules into the surrounding tissue was observed with 
NAP-2 and 1L-8. In the rat skin, IL-8 and GROw 
induced a similar dose-dependent neutrophil infiltration, 
whereas NAP-2 was significantly less potent (Walz et al., 
1993a; Zwahlen et al., 1993). The reason for this 
interspecies difference is not clear. Data on systemic 
application of C-X-C chemokines are only available for 
IL-8 that was applied to Chincilla rabbits (Zwahlen et al., 
1993). A single injection of IL-8 caused a marked 
neutrophilia that peaked at [-2 h and was still present 7 h 
later. 


6. The Receptors 


Evidence that NAP-2 acts on neutrophils via a receptor 
shared with 1L-8 was obtained with functional studies by 
measuring intracellular calcium changes and respiratory 
burst in response to sequential stimulation (Walz &t al., 
1991b). When cells were stimulated twice with the same 
agonist at a given concentration, the response of the 
second challenge was abolished or markedly diminished, 
presumably as a consequence of receptor desensitization, 
a mechanism likely to be associated with receptor 
internalization (Besemer et al., 1989; Samanta et al., 
1990). Sequential stimulations with NAP-2 and IL-8 or 
vice versa demonstrated that the IL-8 response was not 
markedly affected when given after a first NAP-2 
stimulation. In contrast, [Ca"]; rise and respiratory burst 
response were almost completely abolished when an 
equimolar concentration of NAP-2 was applied after a 
preceding stimulation with IL-8 (Walz et al., I991b). 
Similarly, binding of fluoresceinated IL-8 to neutrophils 
was only partially competed by unlabeled NAP-2 
(Leonard et al., 1991). Data analysis of competition 
studies using radiolabeled IL-8 and unlabeled NAP-2 
suggested the existence of two IL-8 receptors: one with 
high affinity for 1L-8 and NAP-2 (K, = 0.I-0.4 nm) and 
one with high affinity for IL-8 and low affinity for NAP- 
2 (Ky > 100 nM) (Moser et al., 1991; Schnitzel et al., 
1991). Binding studies using synthetic NAP-2 with C- 
terminal tyrosine substitutions for iodination confirmed 
earlier studies and indicated that 30-45% out of a total of 
60 000-90 000 receptors bind NAP-2 with high affinity 


and 55-70% bind NAP-2 with low affinity (Schumacher 
et al., 1992). Using citrated blood instead of heparinized 
blood for neutrophil isolation yielded a similar total 
number of IL-8 receptors, but significantly lower 
receptor numbers for NAP-2 (~2200 high-affinity and 
11500 low-affinity sites) (Petersen et al., 1994). Using 
the rabbit IL-8 receptor as a probe, two classes of 
cDNAs, termed 1L-8R1 and 1L-8R2, were isolated from 
a human library (Holmes et al., 1991; Murphy and 
Tiffany, 1991). Both 1L-8 receptors are seven- 
transmembrane-domain neutrophil chemokine receptors 
with 78% amino acid identity. The two human 1L-8 
receptor subtypes expressed, in monkey kidney cells 
(COS-7) or chinese hamster ovary cells bound iodinated 
IL-8 with similar high affinity (LaRosa et al., 1992; 
Cerretti et al., 1993). Interestingly, only one of them 
(1L-8R2) bound GRO«w and NAP-2 with high activity, 
whereas the other (IL-8R1) did not bind NAP-2 and 
GROg, confirming the functional characterization of the 
two IL-8 receptors in neutrophils. Jurkat cells which 
normally fail to express 1L-8 receptors (Moser et al., 
1993) were stably transfected with either IL-8R1 or IL- 
8R2 (Loetscher et al., 1994). 1L-8R] bound 1L-8 with 
high affinity and NAP-2 and GRO«w with low affinity, 
Whereas 1L-8R2 bound all three ligands with high 
affinity, confirming earlier results with COS-7 cells. In 
agreement with the binding affinities, IL-8, NAP-2, and 
GRO@ were equally potent in inducing chemotaxis in 
Jurkat cells expressing IL-8R2, but differed by 300- to 
1000-fold in cells expressing 1L-8R1 (Loetscher et al., 
1994). COS-7 cells and hamster lung fibroblasts (CCL- 
39) stably transfected with the rabbit neutrophil IL-8 
receptor F3R cDNA bound labeled human 1L-8 but did 
not bind related peptides such as NAP-2, GROa, or PF4 
(Thomas et al., 1994). The rabbit 5Bla receptor binds 
human IL-8, NAP-2, and GRO« with apparent K, values 
of 4, 120, and 320 nM, respectively (Prado et al., 1994). 
On the basis of its binding profile the 5Bla receptor 
resembles the human IL-8R2 receptor; this might 
explain the fact that NAP-2, but not GRO« induces a 
[Ca^]; rise in rabbit neutrophils. However, intracellular 
calcium mobilization in 5Bla-transfected Chinese 
hamster ovary cells has only been demonstrated with IL- 
8 (Prado et al., 1994). Studies with chimeric human IL- 
8 receptors have indicated that high-affinity binding of 
NAP-2 to IL-8R2 is not only determined by the N- 
terminal segment but involves other structural elements 
probably located in an area containing the second 
extracellular domain, while exchange of the C-terminal 
end was ineffective (Ahuja et al., 1996). These studies 
also indicated that determinants in the third extracellular 
loop were essential for receptor activation, suggesting 
that high-affinity binding may not be critical for receptor 
activation. Cross-linking experiments revealed that, at 
physiologically relevant concentrations, IL-8 bound to 
IL-8R2 as a dimer or oligomer, while NAP-2 did not 
(Schnitzel et al., 1994). 


As expected from the functional properties on 
neutrophils, NAP-2 and ENA-78 showed a similar 
binding profile to IL-8 receptors. While I-labeled 
ENA-78 did not bind to 1L-8R1, it specifically bound to 
IL-8R2 with a binding affinity of K} = 2.2 nm (Bozic et 
al., 1996). Cold ENA-78 competed for high-affinity I- 
labeled IL-8 binding to IL-8R2 in stable transfected 
HEKA293 cells similarly to IL-8 or GROa. In cells 
transfected with IL-8R1, ENA-78 was a weak agonist 
and induced a calcium transient at threshold 
concentrations 25- to 100-fold greater than for IL-8 
(Ahuja et al., 1996). 

A promiscous IL-8 receptor has been found on human 
erythrocytes. About 1000-9000 receptor sites/cell were 
detected which bind the C-X-C chemokines IL-8, 
GROa, and NAP-2 and the C-C chemokines MCP-1 
and RANTES reversibly with a K, of approximately 5 nM 
(Neote et al., 1993). This receptor, which appears not to 
be regulated by G-proteins is believed to act as a sink for 
chemokines in circulation. 

As demonstrated by functional studies, IL-8 receptors 
are likely to be present on human monocytes (Walz et al., 
1991b). [Ca**], signaling was observed with 1L-8 and 
GROa, which elicited similar responses and induced 
mutual cross-desensitization. However, NAP-2 and 
ENA-78 failed to induce [Ca]; fluxes. NAP-2 does not 
induce chemotaxis and also failed to desensitize 
monocytes for either IL-8 or GROa. The discrepancies 
observed for the effects of GROG and NAP-2 on 
monocytes were unexpected, particularly in view of the 
fact that monocytes contain mRNA for both types of 
receptors (1L-8R1 and IL-8R2) (Colombo et al., 1992). 
Cell-specific accessory proteins might possibly alter 
receptor specificity and thereby prevent NAP-2 and 
ENA-78 from triggering monocyte signal transduction 
pathways. 


7. Signal Transduction 


Phospholipase D (PLD) catalyzes the production of 
second messenger molecules such as phosphatidylethanol 
and phosphatidic acid (PA), which in turn can be 
converted to diglyceride (DG) or hydrolyzed to lyso-PA. 
Both PA and DG have been implicated in the activation 
of neutrophils, including mobilization of intracellular 
calcium, activation of phosphokinase C, and the 
oxidative burst. IL-8, NAP-2, and GRO were shown to 
have similar levels of protein tyrosine phosphorylation, 
but only IL-8 enhanced formation of phosphatidyl- 
ethanol and induced a significant respiratory burst 
(L'Heureux, 1995). Using monoclonal antibodies for 
IL-8R1] and IL-8R2 it has been elucidated that only IL- 
8R1 mediates activation of phospholipase D and the 
generation of superoxide, explaining the negative results 
obtained with NAP-2 and GROa (Jones et al., 1996). In 
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contrast, the release of elastase from neutrophils in 
response to IL-8, NAP-2, GROa, and ENA-78 could 
not be blocked by either of the two receptor antibodies, 
suggesting that both receptors can signal independently 
for granule release. The capacity of neutrophils to 
generate superoxide by FMLP can be enhanced by prior 
exposure to IL-8, GROa, and ENA-78. Monoclonal 
antibodies blocking IL-8R1 were able to block solely 
priming effects of IL-8, while blocking IL-8R2 
eliminated priming effects exhibited by GROG and ENA- 
78 (Green et al, 1996). All: these results predict 
differences in the coupling of the two IL-8 receptors to 
the signal transduction cascade. 

Dibutyryl-cAMP inhibited IL-8- and NAP-2-induced 
elastase release from neutrophils in a concentration- 
dependent manner, suggesting the involvement of cAMP 
in the signal transduction pathway (Petersen et al., 
1991). In contrast to FMLP and TPA, neutrophil 
activation with IL-8 and NAP-2 did not stimulate 
membrane-bound phosphokinase C (PKC) enzyme 
activity, suggesting that PKC does not participate in 
granule release (Petersen et al., 1991). 


8. Cytokine in Disease and Therapy 


8.1 ARTHRITIS 


A number of independent studies have documented the 
presence of high levels of IL-8 in synovial fluid of 
inflamed joints of patients with rheumatoid arthritis (RA) 
(Brennan et al., 1990; Koch ei al, 1991, Seva. 
1991, 1992). The amount of IL-8 present in synovial 
fluid accounted for only less than half of the neutrophil 
chemotactic activity, suggesting the presence of other 
chemoattractants. In contrast to patients with 
osteoarthritis, strongly elevated levels of ENA-78 were 
observed in the synovial fluid of patients with RA (Koch 
et al., 1994). ENA-78 levels were about 15 times higher 
than the mean levels observed for 1L-8 and about 9 times 
higher than mean levels of the monocyte chemo- 
attractant MCP-1 (Koch et al, 1991, 1992a). In 
addition, anti ENA-78 antibodies were able to suppress 
neutrophil chemotactic activity contained in synovial 
fluid by up to 60%, confirming the presence of ENA-78 
in a biologically active form. Thus, ENA-78 represents 
one of the most abundant chemokines present in RA 
synovial fluid. Mononuclear cells were identified as ENA- 
78 producers in synovial fluid by ELISA, and synovial 
tissue macrophages and to a lesser degree endothelial 
cells and fibroblasts were shown to be positive for ENA- 
78 by immunohistochemistry (Koch et al., 1994). ENA- 
78 blood levels in normal individuals are below 0.2 
ng/ml, but levels in patients with RA reached mean 
levels of 70 ng/ml. This can be attributed, at least in 
part, to the fact that blood monocytes from RA patients 
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constitutively release ENA-78. Similar observations were 
made for IL-8 production by blood monocytes (Seitz et 
MLT). 


8.2 ADULT RESPIRATORY DISTRESS 
SYNDROME (ARDS) 


Neutrophils appear to be the important effector cells 
mediating the development of multiple organ failure 
syndrome, adult respiratory distress syndrome (ARDS), 
and idiopathic pulmonary fibrosis (IPF). A role has been 
suggested for IL-8 in the attraction of neutrophils to the 
lung in patients with IPF and pulmonary sarcoidosis 
(Carré et al., 1991; Kunkel et al., 1991; Rolfe et al., 
1991; Car et al., 1994) and in patients at risk to develop 
ARDS (Donnelly et al., 1993), but there is increasing 
evidence that mediators such as NAP-2 and ENA-78 may 
be of similar importance. Angiographic study of patients 
with ARDS have revealed a high incidence of artery 
filling defects (Greene et al., 1981). Pathological analysis 
of lung specimen of ARDS patients has demonstrated 
that enmeshed platelets, neutrophils, and fibrin account 
for such occlusions in the small pulmonary arteries (Pratt 
et al., 1979; Pietra et al., 1981). This suggests that 
platelets become activated in the lungs of ARDS patients 
and degranulate. Using a radioimmunoassay (RA) for B- 
thromboglobulin-like proteins, high levels were detected 
in the bronchoalveolar lavage (BAL) fluid of patients 
with ARDS or in pulmonary edema fluids of patients 
with ARDS or congestive heart failure (Idell et al., 1989; 
Cohen et al., 1993). Since the RIA used is based on an 
antibody made against B-thromboglobulin, the test 
measures all CTAP-lII-related proteins (CTAP-III, ß- 
TG, as well as all NAP-2 isoforms) and therefore cannot 
distinguish between inactive and neutrophil-activating 
forms of the protein. HPLC separations of NAP-2 from 
CTAP-IIIT and B-TG in pulmonary edema fluids 
indicated that only a small portion of the B- 
thromboglobulin-like proteins eluted in the NAP-2 
elution volume (Cohen ez al., 1993). This study cannot 
clarify the contribution of NAP-2 to ARDS and 
congestive heart failure in relation to other chemokines; 
however, it shows that under certain pathological 
conditions high levels of NAP-2 precursors (up to 800 
ng/ml in pulmonary edema fluid) accumulate in the lung 
and represent a potential source for NAP-2 production. 
There is now evidence that under pathophysiological 
conditions the immune system may respond to the 
presence of high chemokine levels by the production of 
autoantibodies. Free as well as complexed IL-8 
autoantibodies have been detected in BAL fluid of ARDS 
patients (Kurdowska et al., 1996). Recent studies with 
BAL fluid of patients with ARDS demonstrated that the 
elevated levels of IL-8 and ENA-78 observed correlated 
with neutrophil concentrations in the lung fluids but not 
with the outcome of the disease (Goodman et al., 1996). 


8.3 ISCHEMIA—REPERFUSION INJURY 


Ischemia—reperfusion injury contributes to the patho- 
physiology of many clinical disorders including 
infarction, stroke, organ transplantation, and circulatory 
shock. ENA-78 which is formed at high level by 
pulmonary type II epithelial cells v vitro might be 
expected to contribute significantly to the recruitment of 
neutrophils into the lung z# vivo. Two lines of evidence 
support the importance of ENA-78 or ENA-78-like 
factors in lung pathology. One of the striking 
consequences of liver injury is the associated pulmonary 
dysfunction, which may be mediated by the production 
of hepatic cytokines. In a rat model of lobar hepatic 
ischemia-reperfusion injury, TNF-a produced by the 
liver is believed to mediate the microvascular injury, 
neutrophil sequestration, and the induction of ENA-78 
observed in the lung (Colletti et al., 1990a,b). Passive 
immunization with TNF-a antiserum significantly 
reduced the production of pulmonary-derived ENA-78, 
neutrophil sequestration, and lung damage. Similar 
effects were observed when ENA-78 immune serum was 
applied to the animals, strongly suggesting that ENA-78 
is an important mediator of lung injury (Colletti et al., 
1994). Similarly, neutralization of TNF-« attenuated the 
production of hepatic-derived ENA-78, and 
neutralization of ENA-78 with antibodies significantly 
decreased hepatic neutrophil sequestration and liver 
injury (Colletti et al, 1995, 1996). These findings 
suggest that ENA-78 can be produced in the lung or liver 
in the context of ischemia-reperfusion and may thus 
contribute to neutrophil-dependent tissue injury. 

Renal tubule cells appear to participate in acute 
inflammation of the kidney by interacting with the 
cytokine network. The immune functions of these cells 
may be of particular importance during the early, acute 
phase of the rejection of allografts owing to the release of 
effective chemoattractants for monocytes and 
neutrophils (Schmouder et al., 1992, 1993). It was 
recently demonstrated that nontransformed primary 
human renal tubule cells release ENA-78 upon 
stimulation with IL-IB (Schmouder et al., 1994). 
Whereas IL-8 expression has not been found to be a 
reliable marker for acutely rejected human allografts 
(Lipman et al., 1992), ENA-78 expression was shown to 
be strongly elevated in rejected kidneys compared to 
tolerated renal allografts. ENA-78 may thus be a more 
reliable marker of ongoing rejection. 


8.4 PNEUMONIC PASTEURELLOSIS 


The bovine homolog of ENA-78 (boENA) has been 
isolated and characterized (Allmann-Iselin et al., 1994), 
The immunoreactivity of ENA-78 was tested in cases of 
bovine pneumonic pasteurellosis. A striking positive 
signal was observed in the hypertrophic and hyperplastic 
type IT alveolar epithelial cells, in mesothelial cells, and in 
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fine capillary endothelia, whereas fibroblasts were 
negative (Allmann-lselin et al., 1994). However, beside 
boENA, which likely is one of the most prominent C-X- 
C chemokines produced by bovine blood monocytes and 
alveolar macrophages, other factors such as boGRO may 
be of similar importance (Rogivue et al., 1995). 


$ 


T 
8.5 HEPARIN-ASSOCIATED 
THROMBOCYTOPENIA 


Autoantibodies to a complex of heparin and PF4 (H- 
PF4) have been associated with platelet activation and 
possible thrombosis in about 85% of patients with 
heparin-associated thrombocytopenia (HAT). In HAT 
devoid of H-PF4, autoantibodies to 1L-8 or CTAP- 
HI/NAP-2 have been demonstrated (Amiral et al, 
1996). Autoantibodies to C-X-C chemokine-heparin 
complexes may bind to platelets and endothelial cells, 
and via the Fe portion lead to platelet activation and 
aggregation. 


8.6 ANGIOGENESIS AND 
TUMORIGENESIS 


The production of chemoattractants for monocytes and 
granulocytes by tumor cells suggests possible roles of 
these mediators in tumorigenesis. Monocyte 
chemoattractant protein-l (MCP-l) was shown to 
induce intratumoral infiltration of macrophages which 
were related to suppressive effects on tumor growth 7 
vivo (Yamashiro et al., 1994). The C-X-C chemokine 
PF4 was reported to inhibit angiogenesis and the growth 
of melanoma cells (Maione et al., 1990; Sharpe et al., 
1990). On the other hand, C-C and C-X-C chemokines 
were suggested to play a role in mediating tumor cell 
migration and metastasis by passive countercurrent 
invasion (Opdenakker and Van Damme, 1992). C-X-C 
chemokines containing the ELR motif, such as ENA-78 
and IL-8 were demonstrated to promote endothelial cell 
proliferation and chemotaxis im vitro, and to cause 
neovascularization of rat and rabbit cornea 77 vivo (Koch 
et al., 1992b; Strieter et al., 1992b, 1995c; see also 
Section 5.3). In comparison to normal lung, tissue of 
bronchogenic carcinoma contains elevated levels of 1L-8 
and ENA-78. Activity of tumor tissue extracts has been 
demonstrated by endothelial cell chemotaxis and 
neovascularization of rat cornea. Interestingly, 
neutralizing antiserum to IL-8 was more effective in 
inhibiting these activities than antiserum to basic 
fibroblast growth factor (Smith et al., 1994). The finding 
that ENA-78 is elevated similarly to IL-8 in 
adenocarcinomas and squamous cell carcinomas suggests 
a role for both C-X-C chemokines in tumor promotion 
by supporting neovascularization of tumor tissue 
icter ct al., 1995b). 
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l. Introduction 


Macrophage inflammatory protein-lo (MIP-1la), a 
member of an ever-expanding chemokine family (at least 
30 at present), was first discovered as a complex released 
as macrophage inflammatory protein (MIP) after lipo- 
polysaccharide (LPS) stimulation of a murine macro- 
phage cell line (Wolpe et al., 1988). Subsequently, MIP 
was fractionated into MIP-la@ and the closely related 
MIP-18 and cDNA clones were isolated (Sherry et æl., 
1988). The human homolog was first described by 
Obaru and colleagues (Obaru et al., 1986) and the 
nomenclature LD78 was used to denominate human 
MIP-1la, though more recently the name MIP-1a@ is used 
for all homologs. Progress in our knowledge of the 
activities and potential physiological role of MIP-lo 
since then has been dramatic and the literature testifies to 
the interest in this fascinating protein. MIP-la is 
primarily an inflammatory chemokine as evidenced 
by the inducibility in hemopoietic cells and the 
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demonstrated chemotactic action on a range of 


hemopoietic target cells. Whilst earlier reports suggested 
a chemotactic action on neutrophils, it is generally 
accepted nowadays that MIP-1lo has little, if any, effect 
on neutrophils; macrophages, eosinophils, basophils, and 
certain T cell subsets are accepted as the primary target 
cells. Thus M1P-1o, in common with other chemokines, 
acts at the onset of inflammation and can clearly be seen 
as an important immunoregulatory cytokine. However, 
MI1P-1lahas a number of other biological activities, most 
notably as an inhibitor of the proliferation of particular 
populations of stem cells, such as transiently engrafting 
hemopoietic stem cells (CFU-S) and clonogenic kera- 
tinocytes. Further, a plethora of more recent observa- 
tions concerning, the complex field of M1P-la receptor 
biology have made an exciting connection between 
chemokines and AIDS. A number of general chemokine 
reviews have been published (Driscoll, 1994; Friedland, 
1995; Kunkel et al., 1995; Petrek et al., 1995, Verfaillie, 
1996) and a brief review on aspects of MIP-1a (Cook, 
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1996). This review attempts to bring the reader up to 
date on the various aspects of the structure, expression, 
and physiology of this protein and its receptors. 


2. The MIP-lo Gene 


As a result of the original identification of the protein 
produced by macrophages (Wolpe et al., 1998), a MIP- lo 
cDNA clone of 753 base pairs in length was subsequently 
isolated (Figure 31.1(a)) and shown to contain a short 5’ 
noncoding region, an open reading frame of 276 
nucleotides, and a longer 3’ untranslated region containing 
a polyadenylation signal (AATAAA, boxed in Figure 
31.1(a)) and three repeats ofan AT-rich motifimplicated in 
cytokine mRNA stability (underlined in Figure 31.1(a)) 
(Caput et al., 1986; Davatelis et al., 1988). Protein 
produced from this cDNA contains a signal sequence 
(boxed) which is cleaved off at the position before the 
protein is secreted from the cell. MIP-1o is a single-copy 
gene containing two introns and three exons (Figure 
31.1(c)), and is located on chromosome 11, clustered with 
other members of the C-C chemokine family (Grove et al., 
1990; Oppenheim et al., 1991). The arrows in Figure 
31.1(a) and (b) show the position of the splice junction. 
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LD78, also known as AT464 or GOS19S, is 
considered to be the human homolog of MIP-1la@ by 
virtue of the 75% identity shared over their protein 
sequence (Figure 31.1(b)) (Obaru et al., 1986; Zipfel ez 
al., 1989). There appear to be three distinct forms of 
LD78 clustered with other §-chemokines on 
chromosome 17 in the region qll-q21 (Blum et al., 
1990; Irving et al., 1990; Nakao et al., 1990). LD78@ 
and LD78B differ by only three amino acids in their 
mature protein sequence, and like MIP-1@ these genes 
are organized into three exons split by two introns, a 
conserved structural arrangement in chemokine genes 
(Figure 31.1(c)) (Nakao et al, 1990). The 5’ flanking 
regions of LD78q@ and B and MIP-lo contain a TATA 
box and are highly homologous to one another over 2 kb 
upstream of the transcription start site, suggesting 
common transcription control mechanisms (LD78B 
contains a repetitive Alu sequence at position -294 
relative to the transcription initiation site, but this does 
not affect transcription) (Blum et al., 1990; Nakao et al., 
1990; Nomiyama et al., 1993). The @ gene exists as a 
single copy, but the number of B genes on chromosome 
17 varies between individuals (Hirashima et al., 1992). o 
and B both produce mRNA and comparisons of proteins 
produced in a recombinant form have shown no 
functional differences. Finally, LD78y is an unexpressed 
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The cDNA and genomic structure of MIP-1¢ genes. 
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pseudogene lacking the upstream control regions and 
most of the first intron found in @ and B. Like LD78B, 
the y form is present in variable amounts at 17qI1-q21, 
and can in fact be absent from some individuals 
(@lirashima et ak, 1992). 


DT i MIP-1œ EXPRESSION 


Perhaps the most pertinent feature concerning the 
control of MIP-l& expression, is the large number of 
diverse stimuli which cause a rapid and transient 
induction of MIP-læ transcription in a number of 
different cell types (discussed in greater length in Section 
4). ln unstimulated cells, it is, with a few exceptions, 
difficult to detect MIP-la@ transcripts and protein 
detection remains elusive. For instance, MIP-la mRNA 
is only detectable in the bone marrow of normal animals 
using sensitive PCR protocols, although this may be 
sufficient to create high local concentrations around a 
small population of target cells, aided perhaps by the 
proteoglycan binding properties of the protein (see 
below). The inducibility features of M1P-1a suggest that 
like other chemokines it falls into the class of rapid- 
response, or immediate-early, genes. Bearing in mind the 
inflammatory roles of MIP-1q, it is likely that this is an 
important step in a cascade of events leading to 
chemoattraction and activation of leukocytes typical of 
inflammatory invasion of sites of injury and infection. 
How diverse stimuli converge to activate the MIP-la 
promoter poses complex and interesting questions. It is 
known from the inclusion of protein synthesis inhibitors 
in induction experiments that some cell types (e.g., T 
cells) require de novo protein synthesis before the MIP- 
la gene is expressed, while others do not, such as 
macrophages (Zipfel et al., 1989; Nakao et al., 1990; 
Grove and Plumb, 1993). As a model system for studying 
the transcriptional control of MIP-1a, Grove and Plumb 
(1993) in our laboratory performed a detailed analysis of 
the murine MIP-1o promoter in a macrophage cell line 
before and after stimulation with serum and LPS. They 
demonstrated that proximal promoter sequences (+36 to 
-220 bp relative to the transcription start site) are 
sufficient for the low level of basal macrophage-specific 
transcription that is observed, but that LPS and serum 
response elements are within -160 to +1. This region 
harbors functional binding sites for nucleoprotein 
complexes containing C/EBP, NF«B, and PU.1/SpiB 
and/or closely related proteins which appear to be 
responsible for the low level of basal expression observed 
in macrophages. Alterations in the specific contents of 
these complexes correlate with the transcriptional 
activation of the gene. Interestingly, several of these 
control elements are found in the promoters of other 
cytokine and chemokine genes, including human MID- 
lo, implying the existence of common control 
mechanisms in their expression (Nakao et al, 1990; 


Grove and Plumb, 1993). Indeed, Nomiyama and 
colleagues (1993) have shown that in T cells one of the 
C/EBP-like binding sites at position —100 in the LD78a 
and B genes can be recognized by both positive and 
negative factors: the positive factors play a key role in 
phorbol ester- and phytohemaggluttinin-induced trans- 
activation, whilst the negative factors maintain basal T 
cell LD78 expression at an undetectable level. Thus, it 
appears that even during low or undetectable MIP-la 
expression, sequence-specific DNA binding proteins are 
bound to the promoter: this may maintain an open 
chromatin structure to allow the rapid induction of 
transactivation, with subtle changes in the constituents of 
the bound nucleoprotein complexes. More extensive 
analysis of the control of M1P-la gene expression is 
required to fully understand how its promoter is being 
activated in response to varied inflammatory signals. 
Further, since a number of diseases, such as rheumatoid 
arthritis (Hosaka et al., 1994), and some virally infected 
cells (Canque and Gluckman, 1994; Baba et al., 1996; 
Sprenger et al., 1996) are typified by elevated production 
of MIP-1a@ (see below), promoter studies could elucidate 
the mechanisms responsible for this aberrant expression. 


3. The MIP-lo. Protein 


The chemokine family of proteins is defined on the basis 
of limited sequence homology and on the presence of 
four positionally conserved cysteine residues (Schall, 
1991; Stoeckle and Barker, 1990). lt can be further 
subdivided on the basis of the specific arrangement of 
the four cysteines, with the o-chemokines having a 
--CXC--C--C-- motif and the B-chemokines having a 
--CC--C--C-- motif. MIP-Iœ& is a member of the B 
chemokine family, and the relationship in primary 
sequence between MIP-1a and the other members of the 
8-chemokine family is summarized in Figure 31.2. The 
closest relative of M1P-1a is M1P-1B, which was initially 
identified as a copurifying molecule from macrophages 
(Wolpe et al., 1988). MIP-1B is 60% identical to M1P-1o 
and appears to be coordinately expressed. The human 
homolog of murine MIP-IB is ACT-2. The disulfide 
bonding pattern has been elucidated for the chemokines 
and appears to involve disulfide bridge formation 
between cysteines ] and 3, and 2 and 4 (Figure 31.3) 
(Tanaka et al., 1988).The integrity of these disulfide 
bridges appears to be critical for chemokine function. 
Human MIP-I« is synthesized as a 92-amino-acid (aa) 
precursor from which a 22-aa leader sequence is cleaved 
during secretion to yield the mature 70-aa peptide which 
has a calculated molecular mass of 7787.6 kDa and an 
isoelectric point of 4.6. The peptide lacks N-linked 
glycosylation sites but has putative O-linked sites, 
although the peptide does not appear to be glycosylated 
as both the mammalian and bacterial recombinant 
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MIP-la APYGADTPTA CC FSY SRKIPRQFIVDYFE TSSL C SQPGVIFLTKRNRQI C ADSKETWVQEYITDLELNA 
MIP-18 APMGSDPPTS CC FSYTSRQLHRSFYMDYYE TSSL C SKPAVVFLTKRGRQI C ANPSEPWVTEYMSDLELN 

LD 78 ASLAADTPTA CC FSYTSRQIPQNFIADYFE TSSQ C SKPGVVFLTKRSROQV C ADPSEEWVOQKYVSDLELSA 

ACT-2 APMGSDPPTA CC FSYTARKLPRNFVVDYYE TSSL C SQPAVVFOTKRSKOV C ADPSESWVQEYVYDLELN 

MCAF QPDAINAPVT CC YNFTNRKISVORLASYRRITSSK C PKEAVIFKTIVAKEI C ADPKQKWVQDSMDHLDKQTOQTPKT 
RANTES ASPYSSDTTP CC FAYIARPLPRAHIKEYFY TSGK C SNPAVVFVTRKNROQV C ANPEKKWRVEYINSLEMS 

MCP2 QPDSVSIPIT CC FNVINRKIPIQRLESYTRITNIQ C PKEAVIFKTKRGKEV C ADPKERWVRDSMKHLDQIFOQNLKP 
MCP-3 QPVGINTSTT CC YRFINKKIPKQRLESYRRTTSSH C PREAVIFKTKLDKEI C ADPTQKWVQDFMKHLDKKTOQTPKL 
JE QPDAVNAPLT CC YSFTSKMIPMSRLESYKRITSSR C PKEAVVFVTKLKREV C ADPKKEWVOQTYIKNLDRNOMRSE... 


Figure 31.2 The amino acid sequence alignment of the C-C family of chemokines. Proteoglycan binding sites are as 
indicated: underlined and bold. 





Figure 31.3 Primary structure and disulfide bonding of human MIP-1a. 


peptides migrate with identical molecular masses in SDS 
gels. This is in contrast to the closely related murine 
MIP-18 peptide which has been suggested to contain a 
putative N-linked glycosylation site; however, the 
presence of a proline residue as the X in Asn-X.Ser/Thr 
would suggest that glycosylation in this area is unlikely to 
occur in the mature peptide (Shakin-Eshelman et al., 
1996). The human homolog of MIP-18, ACT-2, does 
not have an N-linked glycosylation site. 

Murine and human (h)MIP-1la are both remarkably 
stable proteins (Graham et al, 1992) which can 
withstand acidification and heating to elevated 
temperatures. Full biological activity in stem cell 
inhibitory assays is retained following heating to 75°C for 
lh and up to 80% activity is maintained following 
heating to 100°C for 10 min. The protein is inactivated 
by a range of proteolytic enzymes including trypsin, 
chymotrypsin, Staphylococcus aureus V8 (Graham et al., 
1992). MIP-la is also stable on prolonged storage at 
4°C, although we routinely store the protein at -20°C. It 


is stable to repeated freeze-thaw cycles. It is 
recommended that storage of recombinant forms of the 
peptide is in polypropylene containers (such as 
Eppendorf tubes) as it tends to stick avidly to polystyrene 
surfaces. Storage of MIP-lo at very high concentrations 
(>5-I0 mg/ml) is not recommended owing to the 
formation of insoluble aggregates (see below). Carrier 
protein is not required for solutions of 0.1 mg/ml and 
above; however, it is recommended that carrier protein 
(e.g., bovine serum albumin) be added to more dilute 
solutions. For use in assay systems that do not contain 
serum, it is again recommended, where appropriate, that 
a carrier protein be added. 


3.1 PROTEOGLYCAN BINDING 


All members of both the a and B-chemokine families 
have been characterized as being “heparin binding”, a 
property used to great effect in the purification of many 
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of these peptides. In our experience MIP-la@ binds to 
heparin affinity columns and requires solutions of 
0.25-0.5M NaCl to remove it at physiological pH. 
Among members of the a-chemokine family, such as 
interleukin-8 (IL-8) and platelet factor 4 (PF,), the 
heparin binding site has been mapped to the highly 
basic carboxy tail region (Loscalzo et al., 1985). 
However, the site of heparin binding is not as clearly 
defined for the B-chemokine family, many members of 
which possess a neutral or even acidic carboxy tail. We 
have attempted to analyze the site of glycosaminoglycan 
binding on MIP-la@ and have concentrated our studies 
on the highly conserved tribasic region underlined in 
Figure 31.2. Synthetic peptides spanning this region of 
the protein are able to bind to heparin, and mutagenesis 
of this region to neutralize the basic charges removes 
the heparin binding ability of MIP-Ia@ (Graham et al., 
1996). It is our belief therefore that in the B-chemokine 
subfamily the proteoglycan binding is dependent on the 
conserved tribasic region. It is assumed that this may 
also be a contributor to a@-chemokine binding, but a 
minor one as one can delete the PF, carboxy-terminus 
and remove heparin binding capacity (Maione et al., 
19291). 

The functional significance of chemokine 
proteoglycan binding is not yet clear. There is, however, 
evidence from studies on IL-8, an a-chemokine, which 
suggests that although proteoglycan binding is not 
required for bioactivity, soluble heparan sulfate was 
observed to enhance IL-8 bioactivity up to 4-fold in 
neutrophil chemotaxis assays (Webb et al., 1993). Our 
own data on MIP-lg (Graham et al., 1996) suggest that 
proteoglycan binding is not a prerequisite for function of 
this peptide in either stem cell inhibitory or monocyte 
chemoattraction assays. 

The other area in which a role for glycosaminoglycan 
binding of chemokines has been proposed is in the 
function and migration of leukocytes, particularly with 
respect to presentation of chemokines within sites of 
active inflammation (Tanaka et al., 1993; Gilat et al., 
1994). 


32 TERTIARY STRUCTURE STUDIES 


While the tertiary structure of MIP-1o has not yet been 
reported, a number of chemokine structures have been 
resolved by both NMR and x-ray crystallography that are 
likely to be representative of the MIP-1q@ structure. 

The first member of the chemokine family with a 
complete tertiary structure elucidated was platelet factor 
4, which has been crystallized as a tetramer (StCharles et 
al., 1989). The secondary structure of the single PF, 
peptide from amino- to carboxy-terminus consists of an 
extended loop, three strands of antiparallel B-sheet 
arranged in a Greek key, and one carboxy-terminal a- 
helix. The individual peptides appear to build up the 


tetrameric structure by forming dimers by hydrogen- 
bonding between individual residues within the two 
component chains. Interaction between the two dimers 
to form the tetramer involves hydrophilic residues and 
results in a tetrameric structure with the carboxy- 
terminal a-helices on the surface of the protein. This may 
be important for bioactivity. 

Following determination of the crystal structure of 
PF,, the three-dimensional structure of IL-8 was 
determined by both NMR (Clore et al., 1990) and x-ray 
crystallography (Baldwin et al, 1991). The structure 
unambiguously corresponds to a dimer with a similar 
dimerization surface to that seen for PF,. Again the 
monomer consists of three antiparallel -sheets 
connected with loops and a long carboxy-terminal @- 
helix. It has been observed that the overall architecture is 
similar to that seen for the al /a2 domains of the human 
class I histocompatability antigen (HLA-A2) and the 
suggestion has been made that the two a-helices which 
are presented to the outside of the PF, structure and are 
external to the IL-8 dimer are involved in receptor 
binding. 

More recently, the first reports of structural analysis 
of B-chemokine family members have appeared. This 
initially involved modeling of the structure of the 
monocyte chemoattractant and activating protein 
(MCAF/MCP-I) on the basis of the known solution 
structure of IL-8 (Gronenborn and Clore, 1991), an 
approach that has subsequently proved to be 
inappropriate for approximation of higher order B- 
chemokine structure. More recently, the high- 
resolution structure of the B-chemokine ACT-2 (human 
MIP-18) has been determined (Figure 31.4) by 
multidimensional NMR (Lodi et al, 1994). This 
structure, like IL-8, is a symmetric homodimer; 
however, while the monomer structure is very similar to 
that observed for IL-8, the quaternary structures of the 
two proteins are distinct. This distinction is most 
noticeable in that the dimer interface is formed by a 
different set of residues and, furthermore, while the IL- 
8 structure is globular, the structure of the MIP-If 
dimer is elongated and cylindrical. The publication of 
the structure of the B-chemokine RANTES (Skelton et 
al, 1995) has confirmed these broad structural 
differences between the œ- and B-chemokines. It is 
argued that the general lack of cross competition 
between &- and B-chemokines for receptor binding can 
be explained on the basis of these differences in tertiary 
structure (see below). 

We are in the process (in collaboration with Neil Isaacs 
and John MacLean, University of Glasgow) of resolving 
the tertiary structures of dimeric and tetrameric mutants 
of MIP-Ia (Graham et al., 1994). Our preliminary 
analysis indicates that the structure of MIP-la is 
essentially superimposable on those of MIP-18 and 
RANTES, suggesting a high degree of conservation of 
tertiary structure in the B-chemokine family. 
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Figure 31.4 The tertiary structure of human MIP-1 P. This structure was defined by NMR analysis. Identical 
monomers are indicated as A and B. | 


3.3 QUATERNARY STRUCTURE: 
AGGREGATION 


As discussed above, it has been assumed on the basis of 
crystal structure that the stable form of the chemokine 
proteins is a homodimer. In the case of M1P-1o and MIP- 
lB and their human homologs LD78 and AGT-2, 
however, the dimeric forms are able to undergo further 
self-aggregation to form very large multimeric structures 
(Graham et al., 1992; Patel et al., 1993). The extent of 
aggregation appears to be dependent on the concentration 
of the peptide and on the buffer in which the peptide is 
dissolved. Under certain circumstances, molecular masses 
in excess of 10° Da have been observed for M1P-la@ and 
the aggregated form of human M1P-1ß has been reported 
to be of sufficient size to be easily visualized by electron 
microscopy (Lodi et al., 1994). In our experience, MIP- 
la has a native molecular mass of around 100 kDa in 
physiological buffers such as PBS at a concentration of 0.1 
mg/ml (Graham et al., 1992). lt appears, therefore, that 
under these circumstances M1P-1o is a dodecamer. 

We and others have demonstrated this self aggregation 
to be noncovalent and probably electrostatic in nature 
with substantial reversal of aggregation being seen in 
high salt concentrations (Graham et al., 1992; Patel et 
al., 1993). We have extended these observations and 
have demonstrated the ability of dilute solutions of acetic 
acid (10 mM) to be effective in disrupting the aggregates 
into their monomeric form. Interestingly, despite distinct 
mechanisms for dimerization as mentioned above, the 
IL-8 dimer is also reduced to the monomeric form by 
addition of acetic acid (Gayle et al., 1993). 


We have been able to demonstrate that the self- 
aggregation seen in M1P-1la, and presumably with the 
other B-chemokines, is a consequence of the interaction 
of carboxy-terminal acidic amino acid residues with 
clusters of internal basic residues (Graham et al., 1994, 
1996). Simple neutralization of the carboxy-terminal 
acidic amino acid residues using PCR-based mutagenesis 
has allowed generation of nonaggregating mutant 
variants of MIP-la. To date, we have generated stable 
monomeric, dimeric, and tetrameric variants of M]P-la. 
Bioactivity analysis of these mutants in both stem cells 
and inflammatory function assays indicates that they are 
all bioactive. Interestingly, all three mutants and the wild- 
type molecule have identical activity profiles in both assay 
systems. It appears that the only way to argue for 
identical activity profiles resulting from dodecameric, 
tetrameric, dimeric, and monomeric variants of MIP-]o 
is to assume that all forms of the molecule ultimately 
interact with their receptors as monomers and that under 
conditions of the assay all forms are monomeric. 

We have confirmed this by dilution studies in which 
we have observed that sequential dilution of wild-type 
MIP-lo progressively breaks up the aggregate via 
tetramers and dimers to the monomeric form. It appears 
therefore that the aggregation of MIP-1q is a dynamic 
and reversible phenomenon and that the protein is 
almost exclusively in the monomeric form at 
concentrations less than 100ng/ml (Graham et al., 
1994). 

The observations that MIP-la appears to interact with 
its receptor as a monomer are in apparent contrast to the 
suggestions from structural analysis indicating MIP-le 
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and other chemokines to be stable dimers. In this respect 
it is interesting to note that IL-8, which appears to be 
dimeric by NMR and crystallographic analyses, is able to 
function as a monomer which is blocked in the 
dimerization domain (Rajarathnam et al., 1994). It may 
be, therefore, that all the chemokines can actively 
function as monomers and that dimerization observed in 
crystallographic studies results from the high 
concentrations of peptide required for crystal formation. 
This suggestion has been confirmed by a study reporting 
that other chemokines exist in an equilibrium between 
the monomeric and aggregated states and that the 
predominant form in bioassays is the monomeric form 
(Paolini et al., 1994). 


4 Cellular Sources and Production 


lt is now clear that MIP-1q@ is inducible in virtually all 
mature hemopoietic cells and many cell lines of 
hemopoietic origin. As mentioned above, it is entirely 
conceivable, however, that very low levels of the protein 
are expressed constitutively; indeed, transcripts for MIP- 
la are seen in both peripheral blood and bone marrow 
cells from healthy individuals, indicating a constitutive 
level of expression within the hemopoietic system in the 
absence of overt inflammation (Cluitmans et al., 1995). 
Detection of such transcripts, however, requires the use 
of sensitive PCR techniques and thus it is likely that 
transcript levels are low. In accordance with this 
suggestion, we have been unable to detect any evidence 
of the murine MIP-lœ& protein in extracts from normal 
murine bone marrow. 

Monocytes or macrophages from a range of tissue 
sites are also able to act as abundant sources of MIP-I g; 
however, although sensitive PCR-based techniques 
allow detection of MIP-1oe transcripts in resting cells, 
induction is again required for production of easily 
detectable amounts of either mRNA or protein. In 
macrophages, MIP-la mRNA and protein can be 
strongly induced by a range’ of agents such as the 
bacterial endotoxin, lipopolysaccharide (LPS), 
phytohemagglutinin, IL-1, IL-2, IL-3, and IL-6, viral 
infection, and endothelial cell adhesion, reflecting the 
central role of this chemokine in inflammatory reactions 
(Davatellis et al, 1988; Martin and Dorf, 1991; 
Christman et al, 1992; Lukacs et al, 1993, 1994a; 
Baba et al., 1996; Canque et al., 1996). We have also 
reported potent induction of MIP-1o@ transcription and 
translation following growth factor starvation and re- 
feeding of M-CSF-dependent murine bone marrow 
macrophage populations (Maltman et al., 1993). The 
induction of mRNA peaks at 4h after growth factor 
refeeding and remains elevated for up to 24h. Similar 
kinetics of induction are seen in macrophages induced 
with LPS. 


Other hemopoietic sources of MIP-Iq@ include 
polymorphonuclear leukocytes (PMNs) which can be 
induced to secrete detectable MIP-lœ transcripts and 
protein products following LPS induction. In the context 
of PMNs, GM-CSF synergizes with LPS to increase the 
level of induction (Kasama et al., 1993). Eosinophils 
(Gosta et al., 1993), mast cells (Selvan et aiqm@l994, 
Ebisawa et al., 1996), peripheral blood basophils (Li et 
al., 1996), and platelets ( Klinger eral 1995) are also a 
source of MIP-la. It should be noted, however, that 
identification of a source does not implicate the protein 
alone in any particular inflammatory reaction, since in 
many cases a range of chemokines and cytokines are 
inducible in mature blood cells. Indeed, it is likely that 
there is considerable synergy between individual 
chemokines in the cascade of events during an 
inflammatory response after the initial stimulus. The 
constitutive expression of MIP-Iq@ in Langerhans cells is 
exceptional and is considered below. There have been no 
reports of red blood cells being a source of MIP-1a. 

M1P-Ia expression can also be detected in cells at a 
number of non-hemopoietic sites. For example, 
stimulation of either primary human fibroblasts or 
human glioma cells induces expression of MIP-1la to 
levels detectable by northern blotting (Nakao et al., 
1990). In another tissue, PCR analysis of intact 
epidermis reveals evidence for the presence of MIP-lo 
transcripts (Matsue et al., 1992). Upon further analysis it 
has been demonstrated by us, and others, that the source 
of these transcripts is the epidermal Langerhans cells 
(ELCs) and that keratinocytes do not express MIP-Ia 
(Heufler et al., 1992a,b; Matsue er al, 1992 Parkinson 
et al., 1993). Indeed, MIP-1a appears to be one of the 
major cytokines produced by resting ELCs. Intriguingly, 
expression of MIP-la by ELCs appears to be confined to 
ELCs in situ or immediately following isolation as the 
levels of MIP-1a drop to undetectable levels on culture 
of the cells (Heufler et al., 1992b). Thus, in contrast to 
the situation that is observed with T cells, macrophages, 
and PMNs, it appears that MIP-lœ is constitutively 
expressed in ELCs and that it is downregulated rather 
than upregulated following induction of ELCs. We have 
postulated that the role for ELC-derived MIP-1lq is to 
act as an endogenous regulator of epidermal cell 
proliferation (see below). There is also evidence for 
expression of MIP-lœ within dendritic epidermal T cells 
(Matsue et al., 1993). 

A number of studies have demonstrated the ability of a 
range of factors to suppress the production of MIP-1a by 
hemopoietic cells. For example, IL-4 appears to be able 
to suppress production of MIP-la by both monocytes 
and alveolar macrophages following stimulation with 
LPS, PHA, or IL-I, and the mode of action of 1L-4 in 
this respect appears to be to increase the rate of decay of 
the MIP-læ mRNA (Standiford et æl., 1993a). We have 
also demonstrated the ability of transforming growth 
factor-B (TGF-B) to potently downregulate MIP-lo 


474 R.J.B. NIBBS, G.J. GRAHAM AND I.B. PRAGNELL 





expression in murine bone marrow-derived macrophages 
with substantial suppression of MIP-la transcription 
being seen at femtomolar concentrations of TGE-B, 
(Maltman er al., 1993). This property is shared by all 
three TGF-B isoforms; however, more divergent 
members of this family such as activin or bone 
morphogenetic proteins appear to be incapable of 
exerting similar effects at equivalent concentrations. We 
have also used the TGF-f latency associated protein to 
block endogenous TGF-B function in bone marrow 
macrophage cultures. This results in an upregulated 
expression of M1P-1a in the macrophages, indicating a 
role for TGF-B in suppressing M1P-1a expression by 
macrophages in an autocrine manner. There also appears 
to exist a reciprocal relationship in which M1P-1@ acts to 
induce TGF-B expression in bone marrow macrophages 
(Maltman et al., 1996), suggesting that a powerful 
negative regulatory loop is set up between TGEF-f and 
MI1P-la@ and that all interactions between these two 
peptides act to minimize M1P-1o expression. lt may be, 
therefore, given the widespread expression of TGE-B, 
that this suppression is of physiological relevance. lt 
must, however, be recognized that the relative ease with 
which MI1P-la can be detected in the peripheral blood 
and bone marrow of healthy individuals (Cluitmans et 
al., 1995) suggests that there are mechanisms in vivo 
through which this TGF-B mediated block on MIP-lo 
expression is alleviated. 

Other suppressers of MIP-la expression include 
interferon (1FN)-y (Kasama et al., 1995a) and 1L-10 
(Kasama et al., 1994). The 1L-1 receptor antagonist also 
blocks MIP-la production in mixed lymphocyte 
reactions, indicating the involvement of 1L-lo in the 
cytokine cascade (Lukacs et al., 1993). 


5. Biological Activities 


A wide-ranging series of studies have revealed significant 
pro-inflammatory properties attributable to MIP-la. ln 
many cases these conclusions have been made from in 
vitro studies indicating potential as a potent inflam- 
matory agent 7 vivo, and although there are relatively 
few of the latter studies published to date, it is now clear 
that M1P-1lo is likely to play a key role in a number of 
inflammatory processes in vivo. ` ~“ 


5.1 PRO-INFLAMMATORY ACTIVITIES 


The -chemokine family comprises a number of potent 
mediators of inflammatory responses which are likely to 
play a major role in recruiting various inflammatory cells 
to the sites of infection. This family, which includes 
M1P-la, M1P-1B, MCP-1, and RANTES among others, 
has been studied intensively over the years. An early 
activity ascribed to MIP-la was modulation of 


macrophage function (Fahey et al., 1992; Wang et al., 
1993). The finding that MIP-la can induce cytokine 
production in macrophages 77 vitro (Fahey et al., 1992) 
suggests that it may contribute to potentiation of 
priming of effector cells in inflammatory reactions. The 
fact that macrophages are an inducible source of M1P-la@ 
suggests that autocrine mechanisms must feature in the 
biology of this protein. Thus, a potential key role would 
be to function as an autocrine mediator for the 
macrophage production of TNF-a (Shanley et al., 1995). 
The conclusion that M1P-1q@ must play an important role 
in inflammatory reactions is further underlined by the 
fact that M1P-la@ will activate basophils or mast cells 
(Alam et al, 1992; Bischoff et al., 1993) and recruit 
eosinophils (Rot et al., 1992; Lukacs et al., 1995). These 
findings suggest a probable role in allergic inflammation 
(Baggiolini and Dahinden, 1994) and this activity may 
well be crucial in protection against parasite infections by 
virtue of the induced histamine release and activation of 
eosinophil cytotoxic activity. The potential role of 
chemokines in the specific targeting of lymphocyte 
subpopulations during immune challenge or inflam- 
matory response is an area of considerable interest and 
importance in lymphocyte biology and MI1P-la@ most 
likely plays a role in the recruitment of lymphocytes. 
Thus, when analyzed in vitro in microchemotaxis 
experiments, MIP-1a@ has been shown to be a potent 
lymphocyte attractant with differing specificities 
dependent on the concentration of chemokine tested 
(Schall et al., 1993). M1P-la is chemotactic for resting 
and activated CD4*, CD8* T cells and B cells, but it 
appears that it is primarily chemotactic for activated 
CD8° lymphocytes, whereas the closely related M1P-18 is 
chemotactic for activated CD4" cells (Schall et al., 1996; 
Taub et al., 1993). M1P-1o has been shown to induce B 
cell migration as well as natural killer (NK) cell migration 
and cytolysis (Schall et al., 1993; Maghazachi et al., 
1994; Taub et al., 1995). Many of these activities are 
likely to involve changes in adherence properties and 
there are a number of observations, such as enhancement 
of the ability of CD8* T cells to bind endothelial cells 
(Taub et al, 1993), induction of T lymphocyte 
adherence (Lloyd et al., 1996), and induction of 
monocyte integrins (Vaddi and Newton, 1994a) and the 
observation that MIP-la restores the integrin- 
dependent adhesion of chronic myeloid leukemia (CML) 
cells (Bhatia et al., 1995), which support this conclusion. 
All these observations suggest that M1P-lo may provide 
a means by which monocytes adhere to vessel walls and 
direct T cells to the site of antigenic challenge (Cook, 
1996). In view of the gene knockout studies with 
M1P-1la (see below), it is likely that the observations on 
modulation of T cell adherence and recruitment or 
chemoattraction of T cell subsets point to an important 
physiological role in this area. 

In addition to the range of pro-inflammatory activities 
demonstrated, activities in other settings are indicated by 
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observations that many different cell types from a range 
of tissues are responsive to MIP-1a in vitro. For example, 
while MIP-la will stimulate immature spermatogenic 
cell proliferation, the division of more differentiated 
intermediate or type B spermatogonia is inhibited 
(Hakovirta ez al., 1994). Astrocyte proliferation has also 
been reported to be inhibited by MIP-Ia@ (Khan and 
Wigley, 1994), but more immature precursors appear to 
be unaffected (G. Graham, unpublished); Schwann cell 
proliferation can be stimulated by this chemokine (Khan 
and Wigley, 1994). Interestingly, it has also been 
postulated that MIP-1a may play a role in prostaglandin- 
independent induction of fever (Davatelis et al., 1989; 
Zawada et al., 1994; Minano et al., 1996). Modulation 
of adherence is again suggested by the observation that 
motility of rat osteoclasts is affected by MIP-1o (Fuller ez 
al., 1995). In many cases the biological activities 
observed are not unique to MIP-Ia, as other 
chemokines such as RANTES have been shown to have 
similar properties. This is not too surprising in view of 
the observations that MIP-Iœ and other chemokine 
receptors are fairly promiscuous in their range of ligand 
binding (see below). 


5.2 STEM CELL PROLIFERATION 


Apart from the pro-inflammatory properties which have 
been described above, MIP-Iœ has also been shown to 
inhibit proliferation of hemopoietic stem cells (Graham 
et al., 1990) and keratinocytes (Parkinson eż al., 1993). 
In the case of the hemopoietic stem cell, these effects 
have also been demonstrated im vivo (Dunlop et al., 
1992; Lord et al., 1992; Maze et al., 1992). There is 
some evidence that the inhibitory action of MIP-Io is 
restricted to the CFU-A/CFU-S part of the stem cell 
compartment known as transient engrafting stem cells 
(Jacobsen et al., 1994; Keller et al., 1994), whereas cells 
with a more primitive stem cell phenotype are not 
inhibited (Quesniaux et al., 1993; Keller et al., 1994). 
Moreover, it appears that MIP-lœ may even stimulate 
more primitive stem cells under certain conditions 
(Verfaillie and Miller, 1995) as well as mature 
progenitors (Broxmeyer et al., 1990). It has also been 
suggested that MIP-1a has the potential role of inducing 
self-renewal in the more primitive CFU-S compartment 
(Verfaillie et al., 1994; Lord, 1995). Thus, potentially 
important roles for MIP-1a in hemopoietic physiology 
are suggested by these reports. In addition, we have 
shown that MIP-la will also inhibit clonogenic 
keratinocyte proliferation im vitro (Parkinson et al., 
1993) and that a likely source of MIP-1a in the skin is 
the Langerhans cells (see references above for various 
sources of MIP-1«). Interestingly, MIP-lœ produced in 
bacteria is completely inactive in this assay, and 
production in COS cells is required to elicit an inhibitory 
response. We postulated that this may be due to a 


requirement for an accessory factor present in COS cells, 
but the retention of inhibitory activity upon purification 
to homogeneity of COS cell-produced MIP-Ia suggests 
that some form of post-translational modification of the 
protein occurs in COS cells that unmasks keratinocyte 
inhibition potential (Parkinson et al., 1993; G. Graham, 
unpublished). 

Thus, a number of activities have been described for 
MIP-I&, mostly based on zm” vitro experimentation which 
may not necessarily indicate an important role in yiyo. 
However, more recent experiments using homologous 
recombination or monoclonal anti-MIP-1la antibodies 
have provided evidence for a fundamental role for MIP- 
Ia in inflammatory responses, and possibly proliferative 
inhibition. 


5.3 GENETIC APPROACHES TO THE 
ROLE OF MIP-1qQ@ IN VIVO 


One very useful approach to the elucidation of the role of 
a cytokine /chemokine in physiology is to inactivate the 
gene of interest by homologous recombination. 
Recently, gene disruption has revealed some unexpected 
roles for MIP-la in vivo (Cook et al., 1995). Mice 
homozygous for the disruption showed no overt 
abnormalities in development nor were any changes in 
peripheral blood and bone marrow indices noted in 
untreated null mice, suggesting that MIP-lao is not 
required to maintain normal stem cell quiescence in 
normal physiology and that other stem cell inhibitory 
activities must compensate, since the cycling status of the 
stem cell compartment is low in untreated null mice (B. 
Pragnell, unpublished). However, MIP-Ia null mice 
exhibited interesting phenotypes upon infection with 
certain viruses. For example, they had a reduced 
inflammatory response to influenza virus characterized 
by a significantly reduced pulmonary edema at necropsy 
and less mononuclear cell infiltration than is seen in 
control infected mice. There is also a delay in the viral 
clearance from the lungs of the null animals, a process 
which is known to be dependent on T cells. Thus, 
MIP-Ia@ seems to be essential to mount a proper 
inflammatory response to this virus. Remarkably, the null 
mice also demonstrated a complete absence of 
myocarditis when infected with coxsackievirus. 
Substantial evidence suggests that in normal mice these 
cardiac lesions result from cell killing mediated primarily 
by cytotoxic T cells, although direct virally mediated 
effects may also occur. This again indicates that MIP-Io 
may be essential for efficient recruitment of the T cells. A 
somewhat surprising conclusion from these observations 
is that, at least during these particular viral infections, 
there is a lack of functional redundancy. The ß- 
chemokines are a large family of proteins with what 
appear to be overlapping functions 7 vitro and, as 
discussed below, they often bind and signal through 
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common receptors. However, these studies provide 
genetic evidence that MIP-la has an indispensable 
physiological role in the inflammatory response to 
specific viral infections. lt remains to be seen whether 
MIP-1o has such a central role in the pathology of other 
diseases induced either by viral infection or by other 
agents. Diseases in which MIP-1a@ may be involved and 
thus which are worthy of investigation are discussed 
below. 

As mentioned previously, another biological activity 
ascribed to MIP-la in vitro is suppression of 
proliferation of epidermal keratinocytes (Parkinson et al., 
1993) and it has been shown that Langerhans cells from 
skin are a source of MIP-la im vitro (Heufler et al., 
1992a,b). It was therefore of interest to examine the 
skins of null mice and their normal littermates. We have 
observed a striking hyperproliferation of keratinocytes in 
the skins of the knockout mice (S. Holmes, J. De Bono, 
G. Graham, and I.B. Pragnell, unpublished), which is 
consistent with a novel role for Langerhans cells and 
MIP-lq@ in keratinocyte physiology (Parkinson et al., 
1993). lt is likely that manipulation of this gene 
knockout model will reveal more about the role of MIP- 
læ in inflammation and various disease states. 


0. Receptors 


The mechanism by which MIP-1la exerts its pleiotropic 
effects on its numerous target cells is poorly understood. 
However, the recent cloning of receptors for MIP-lo 
and related B-chemokines is beginning to provide an 
insight into the molecular mechanisms of MIP-lo 
function, and has also had some exciting implications for 
research into the human immunodeficiency virus (HIV) 
which causes AIDS. Historically, classical receptor 
binding experiments using radioiodinated chemokine 
have demonstrated the presence of specific cell surface 
receptors for MIP-la on many cell types, and in a 
number of these studies the generation of a Ca” flux 
within the treated cell has been used as an indication of 
intracellular signaling (Oh ez al., 1991; Yamamura et al, 
1992; Graham et al., 1993; Sozzani et al., 1993; Wang et 
al., 1993; Zhou et al., 1993; Avalos et al., 1994; Van 
Riper et al., 1994). Consistent with the widespread effect 
of MIP-Ia, almost all primitive and mature hemopoietic 
cells tested possess receptors for this chemokine. Such 
experiments have also determined (a) the affinity of 
interaction between the ligand and receptor, which is 
given as the dissociation constant (K,)—the 
concentration of ligand at which 50% of the receptors are 
occupied; (b) the approximate number of receptors per 
cell; and (c) which other B-chemokines are able to 
displace and compete for MIP-la binding, a property 
which indicates receptor sharing by related molecules. 1n 
many cases, but not all, pretreatment of a cell with a 


competing ligand prevents it from responding to 
subsequent MIP-Ia challenge. This phenomenon, 
termed desensitization, may in part be due to temporary 
inhibitory covalent modifications of the receptor induced 
by a signal elicited on binding of the first ligand and is 
discussed at greater length below. 

MIP-1lo@ receptor biology has been complicated by 
variations observed between cell types with respect to the 
affinity of binding and the competition with other B- 
chemokines. First, there appears to be at least two affinity 
subclasses: one with high affinity, with K, values in the 
picomolar range (Graham et æl., 1993; Avalos et al., 
1994), and a second with lower affinity, K, being in the 
nanomolar range (Avalos et al.,:1994). This is perhaps 
analogous to binding of human melanocyte growth- 
stimulatory activities (MGSA), an o-chemokine, to the 
two cloned IL-8 receptors: 1L-8 receptor type A binds 
MGSA weakly (,=450 no), while 1L-8 receptor type B 
interacts with higher affinity (K,=2nM), a property 
dependent on the extracellular amino terminus of the 
receptors (reviewed in Horuk, 1994). Incidentally, both 
receptors bind 1L-8 with equivalent avidity, with K, 
values of between 1 and 4 nM. Second, detailed cross- 
competition studies by Wang and colleagues (1993) 
suggest that on monocytes alone there are at least three 
types of B-chemokine receptor: one that binds MIP-lo 
and MIP-18; one that is specific for the B-chemokine 
MCP-1; and a third more promiscuous receptor able to 
bind MCP-1, MIP-1la, and MIP-1B. Neutrophils, on the 
other hand, appear to express a low-affinity receptor able 
to bind to MIP-la@ and the related protein RANTES 
(Gao et al, 1993; McColl et al.. 1993) These 
biochemical observations were hypothesized to be 
indicative of the existence of a number of different genes 
encoding MIP-la receptors, or alternatively that the 
properties of a single receptor could be influenced by 
covalent modifications or protein-protein interactions 
within a specific cell type. 

Since the mid 1990s there has been a considerable 
effort to understand the molecular basis of MIP-la 
receptor biology, and the existence of multiple MIP-lo 
receptor genes — possibly five to date — has been 
demonstrated. By analogy with the oa-chemokine 
receptors, it was highly likely that MIP-1@ and the other 
B-chemokines utilize serpentine receptors, proteins that 
contain seven helical membrane-spanning domains and 
are coupled to heterotrimeric G-proteins (reviewed in 
Horuk, 1994). Moreover, chemokine-induced Ca2* 
fluxes into many different target cells could be prevented 
by pretreatment with cholera or pertussis toxin, which 
prevent G-protein-receptor coupling. As a consequence, 
it has been possible to design degenerate oligonucleotide 
primers from conserved regions within this superfamily 
for use in PCR cloning protocols. Neote and his 
colleagues used such an approach to clone the first B- 
chemokine receptor from HL60 mRNA, a promyelocytic 
cell line known to express both high- and low-affinity 
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MIP-la receptors (Neote et al., 1993; Avalos et al., 
1994). This gene was originally called C-C CKR-1, but 
has recently been renamed CCR-I to fit with accepted 
nomenclature. The predicted amino acid sequence and 
the presumed structure of the protein in the membrane 
are shown in Figure 31.5. The four conserved cysteines 
residues are circled: these residues are essential in ligand 
bindiag and are thought to maintain the receptor in a 
cylindrical structure. CCR-I had ~30% identity to the 
two IL-8 receptors and ~20% identity to the receptors for 
C5a and fMet-Leu-Phe (FMLP), peptides also involved 
in inflammation (Neote et al., 1993). When CCR-1 was 
expressed in human embryonic kidney cells (which do 
not have B-chemokine receptors), they became able to 
bind human and murine MIP-1a with a K; of ~5 nM and 
elicit a transient increase in intracellular calcium ions 
when the transfected cells were challenged with MIP-la 
at a concentration of 10nM. Radioiodinated MIP-la 
could be displaced by excess unlabeled MIP-1a@ and also 
by excess B-chemokines RANTES, MIP-18, or MCP-1, 
although 20~—100-fold more of these other chemokines 
was required: a&-chemokines were unable to bind or 
signal through CCR-1. Furthermore, although MIP-1B8 
and MCP-1 appeared not to signal through CCR-1 
except at high concentration (>l mM), RANTES 
generated a Ca” flux at concentrations as low as 1 nM, an 
effect abolished by MIP-1la pretreatment. However, 
RANTES was not able to prevent a subsequent MIP-la- 
induced signal, a discrepancy which may reflect different 
interactions between the two ligands and the receptor, 
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resulting in the generation of signals distinct to each 
chemokine. Interestingly, the reverse is observed on 
eosinophils: RANTES pretreatment prevents a 
subsequent MIP-la signal, but MIP-la does not 
interfere with a RANTES-induced Ca” flux (Rot et al., 
1992). More recently, MCP-3 and MCP-2 have been 
shown to bind to and signal through CCR-1, further 
demonstrating the variable ligand specificity that this 
receptor displays (Combadiere et al., 1995; Ben-Baruch 
CH OS, Gore er aie 1997). 

Northern blot analysis of hemopoietic cell mRNA 
demonstrated the presence of a 3 kb transcript in HL-60, 
THP-1, U937, bone marrow-derived macrophages, and 
B and T cell lines, and CCR-1 protein is probably 
responsible for some, if not all, of the MIP-1la binding 
exhibited by these cells (Neote et al., 1993; Gao et al., 
1993; Nomura et al., 1993). The murine homolog has 
been identified, but ligand recognition is altered in this 
protein: RANTES and human MCP-3 appear not to bind 
as efficiently to the murine protein, suggesting that slight 
sequence differences may affect ligand-receptor 
interaction (Gao and Murphy, 1995; R. Nibbs, 
unpublished observations). 

Recently, five other ligand-binding [B-chemokine 
receptors have been identified, plus a number of orphan 
receptors, which all show strong sequence homology to 
one another (reviewed in Murphy, 1996; Premack and 
Schall, 1996). CCR-2 was cloned shortly after CCR-1 
and has been shown to interact with MCP-1, -2 and -3 
when expressed in heterologous cells (Charo et al., 1994; 
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Figure 31.5 Sequence and hypothetical structure of the human CCR-1 receptor. 
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Combadiere et al., 1995; Gong et al., 1997). This gene 
is currently unique among chemokine receptors in that it 
can be produced as two alternatively spliced forms, 
allowing coupling to distinct subsets of G-proteins, 
potentially widening the biological responses in which 
this protein may be involved (Kuang et al., 1996). The 
inability of CCR-2 to interact with M1P-lœ has enabled 
the domains of CCR-1 involved in MIP-1a binding to be 
identified through the production of CCR-1/CCR-2 
chimeras (Monteclaro and Charo, 1996). While the 
amino-termini of CCR-2 and the two IL-8 receptors 
appear to be the main region of ligand interaction, CCR- 
l uses the three extracellular loops (in particular the third 
loop) to interact with MIP-la (Horuk, 1994; 
Monteclaro and Charo, 1996). We have shown that a 
mutant of murine MIP-1a@, in which two basic residues 
between the third and fourth cysteines are neutralized, is 
unable to bind to murine CCR-1, defining this region of 
MIP-la as a potential interface for CCR-] binding 
(Graham et al., 1996). 

Despite the binding properties of CCR-1, several cell 
types are responsive to MIP-la and the other CCR-] 
ligands in the absence of detectable CCR-1 expression, 
suggesting that genes exist which code for other MIP-lo 
receptors. This has proved to be the case and a steadily 
increasing family of heptahelical receptors have been 
cloned which, when expressed in heterologous cells, are 
able to bind to B-chemokines (reviewed in Murphy, 
1996, Premack and Schall, 1996). Human CCR-3, 
which is expressed on eosinophils, is able to bind to 
eotaxin, an cosinophil-specific B-chemokine, and 
RANTES, MCP-3, and MCP-4 with K, values in the low 
nanomolar range (Daugherty et al., 1996; Kitaura et al., 
1996; Ponath et al., 1996). Human CCR-5 is able to 
bind to RANTES, MIP-la and MIP-IB with a 
somewhat higher affinity than CCR-1 and it is expressed 
in monocytes, macrophages, and certain T-cells (Boring 
et al., 1996; Raport et al., 1996; Samson et al., 1996). 
CCR-5 is very similar in sequence to CCR-2, with only 
the amino-termini exhibiting extensive amino acid 
differences. This domain of divergence is probably 
responsible for the differences in ligand recognition that 
exist between the two proteins. Similarly, a murine gene, 
called CCR-3, has been cloned which is highly 
homologous to human CCR-3, diverging at the amino 
terminus. Despite the sequence similarities, and the fact 
that both are expressed in eosinophils, murine CCR-3 
may not be a functional homolog of human CCR-3. This 
is supported by its ability to bind to human and murine 
MIP-lo and MIP-18 (K; in the low nanomolar range), 
lack of binding to RANTES and MCP-3, and its 
abundant expression in cells of the monocyte / 
macrophage and T cell lineages (Post et al., 1995: Nibbs 
et al., 1997). CCR-4, present on T cells, basophils, and 
platelets, has also been reported to bind to MIP-1la when 
expressed in Xenopus oocytes or HL-60 myeloid cells 
(Power et al., 1995; Hoogewerf et al., 1996), but this 


appears to be a fairly weak interaction and we have been 
unable to confirm these observations when the murine 
receptor is expressed in hamster CHO cells (R. Nibbs, 
unpublished observations). We have independently 
cloned all the murine counterparts of these genes in our 
laboratory using degenerate oligonucleotide-primed 
PCR and demonstrated similar affinity and specificity 
data. Furthermore, we have also isolated a more 
divergent member of this gene family, called D6, that is 
expressed in T cells and monocytes and acts as a very 
high-affinity binding site for MIP-la (K,=110 pm): it is 
also able to bind with high affinity to the related 
molecules MIP-18, .MCP-1, RANTES, and MCP-3 
(Nibbs et al., 1997; Nibbs ez al.,.in press). 

In summary, it is apparent that there are at least four, 
and possibly more, heptahelical receptors that are 
involved in mediating the biological effects of MIP-la, 
and none of these is specific for MIP-la alone. These 
receptors are expressed on mature hemopoietic cells and 
are therefore probably involved in mediating MIP-la- 
induced chemotaxis. None of the cloned MIP-la 
receptors is expressed on keratinocytes (R. Nibbs, 
unpublished) so the inhibition of these cells uses another 
mechanism (Parkinson et al., 1993). However, murine 
D6 is present in populations of bone marrow cells 
enriched for hemopoietic stem cells, and may potentially 
be involved in MIP-la-induced stem cell inhibition 
(Nibbs eż al., 1997). Other cytokines and growth factors 
rarely have such a large number of potential receptors, 
and the reason for this complexity is unclear. However, 
unlike other receptor types, the open reading frames of 
these genes are usually contained on a single exon. Thus, 
with the exception of CCR-2, it appears that rather than 
evolving alternative splicing to generate groups of related 
but functionally distinct proteins, gene duplications and 
subtle sequence changes have occurred. There is a quite 
dramatic variation in the affinity of MIP-lo for the 
presently cloned receptors, such that they can be divided 
into two potential classes: high-affinity (D6 and CCR-5) 
and low-affinity (CCR-1, -3 and -4). This may be 
important functionally as it could allow a cell expressing 
one receptor from both classes the ability to respond 
differentially to a wide variation in MIP-lo concentra- 
tions, and may have relevance when considering cell 
migration along a chemokine concentration gradient. 

Surprisingly, B-chemokine receptors show homology, 
particularly in the amino-terminus, to the US28 open 
reading frame (ORF) encoded by human cytomega- 
lovirus (CMV) (Neote et al., 1993). Infection with 
CMV, a B herpesvirus, is usually asymptomatic, but can 
cause mononucleosis syndrome in normal individuals and 
severe gastrointestinal, pulmonary, and retinal inflam- 
mation in immunocompromised hosts, in particular 
patients with AIDS or those undergoing immuno- 
suppressive therapy during organ transplantation. US28 
can act as a receptor for the B-chemokines MIP-la, 
MIP-18, RANTES, and MCP-] (= 2-6 nM), and elicit 


MACROPHAGE INFLAMMATORY PROTEIN 1-a 479 


an intracellular Ca” flux in response to ligand binding; &- 
chemokines cannot bind (Neote et al., 1993; Gao and 
Murphy, 1994). Although US28 can therefore be 
classified as a promiscuous B-chemokine receptor that 
can transduce a signal, the biological role of this protein 
in CMV infections is unknown. It is possible that CMV- 
infected cells may become responsive to these 
inflammatory mediators and thus US28 may play a role 
in the induction of viral replication or, conversely, be 
involved in the establishment of a latent state. 
Interestingly, CMV is not alone in employing what has 
been termed “molecular mimicry”, and ORFs in pox 
virus and herpes virus have been identified that show 
extensive structural and functional homology with a 
variety of immunoregulatory molecules, such as ECRF3 
from herpes virus saimiri which acts as a promiscuous 
signaling receptor for a-chemokines (reviewed in Ahuja 
et al., 1994). 


6.1 RECEPTORS AND HIV 


A dramatic development in chemokine receptor biology 
was the elucidation of their role in cellular infection by 
the human immunodeficiency virus (HIV) that causes 
AIDS (reviewed in Wilkinson, 1996). HIV can be 
broadly divided into two subtypes, namely macrophage 
(or M)-tropic, which can infect macrophages and T cells, 
and T cell line (or T)-tropic strains which show a 
restriction to T cells. Generally, the M-tropic strains are 
responsible for the transmission of AIDS, while the T- 
tropic strains appear late in the disease, possibly evolving 
from M-tropic subtypes, and may be associated with the 
onset of the pathogenic symptoms of the disease. The 
role of chemokine receptors was initiated as a 
consequence of two observations: first, host factors that 
were able to prevent macrophage infection with HIV 
were identified to be identical to RANTES, MIP-1la, and 
MIP-18 (Cocchi et al., 1995); and second, high levels of 
endogenous B-chemokines were detectable in uninfected 
individuals at high risk of HIV infection, potentially 
accounting for the lack of infection (Paxton et al., 1996). 
The reason for these phenomena was quickly shown to 
be the fact that M-tropic viruses use CCR-5 as an 
obligate coreceptor with CD4 for cell infection, although 
CCR-2 and CCR-3 could also be used by some viral 
isolates (Wilkinson, 1996). This appears to occur via a 
stepwise series of protein-protein interactions: the HIV 
surface glycoprotein gp120 associates with CD4; gp120 
then undergoes a conformational change that unmasks 
the tropism-determining hypervariable V3 domain, 
which allows gp120 to interact directly with CCR-5 
(Cocchi et al., 1996; Trkola et al., 1996; Wu et al., 
1996). The ligands for these receptors are able to 
abrogate this interaction to prevent cell infection. Once 
gp120 and CCR-5 interact, it is thought that a second 
hydrophobic transmembrane HIV envelope protein, 


gp41, is able to interact with the membrane of the target 
cell to catalyze fusion of the viral and cellular membranes 
(reviewed in Wain-Hobson, 1996). Interestingly, HIV 
infection of macrophages induces MI1P-la expression 
(Canque et al., 1996) which may act to dampen 
subsequent infections of neighboring cells. Moreover, 
some individuals whose cells are resistant to HIV 
infection have been shown to be homozygous for a short 
deletion in CCR-5 that prevents proper presentation of 
the protein on the cell surface (Dean et al., 1996; Huang 
et al., 1996; Liu et al., 1996; Samson e# al., 1996). In 
parallel, it was shown that the T-tropic strains use a 
different but related chemokine receptor CXCR-4 (also 
called fusin and LESTR) as a coreceptor along with CD4 
for entry into T cells via a mechanism similar to that seen 
with CCR-5 (reviewed in Lapham et al, 1996; 
Wilkinson, 1996). This protein normally acts as a 
receptor for stromal cell-derived factor-1 (SDF-1), an a- 
chemokine, and, like the observation that CCR-5 ligands 
block M-tropic viral infection, SDF-1 prevents T-tropic 
HIV infection of T cells (Bleul et al., 1996; Oberlin et 
al., 1996). These intriguing observations may have 
useful implications toward the development of AIDS 
therapies targeted at disrupting HIV binding to 
chemokine-binding coreceptors (see below). 


7. Signal Transduction 


Although little is understood concerning the precise 
molecular nature of signaling by MI1P-1loa-receptor 
complexes, it is highly likely that the chemotactic 
properties of M1P-1q@ are manifested by using G-protein- 
linked pathways that are employed by other leukocyte 
chemoattractants which use similar heptahelical 
receptors. The details of these potential signaling 
pathways are beyond the scope of this review and are 
summarized elsewhere (Bokoch, 1995). The use of G- 
proteins in M1P-1lq@ signaling is supported by a number 
of observations. First, it has been demonstrated that the 
effects of MIP-la on certain responsive cells are 
prevented by pretreating the cells with Bordetella 
pertussis toxin, which specifically inhibits a subset of G- 
proteins, namely Ga, (Bischoff et al., 1993; McColl et al., 
1993). Second, MIP-la@ induces a rapid but transient 
increase in the cytosolic concentration of Ca** ions in 
responsive cells due to an increase in inositol 
trisphosphate generated by G-protein-activated 
phospholipase C (PLC) (Rot et al., 1992; Sozzani et al., 
1993; Gao et al., 1993; Van Riper et al., 1994; Vaddi and 
Newton, 1994b). Third, as mentioned above, MIP- 1a is 
able to desensitize cells to a subsequent challenge with 
MI1P-la (homologous desensitization) or other related 
8-chemokines (heterologous desensitization). In the case 
of the B-adrenoreceptor and the rhodopsin “light 
receptor”, a specific serine-threonine kinase activated by 
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components of the trimeric G-protein complex 
phosphorylates carboxy-terminal serine residues on the 
receptor to abrogate signaling (Inglese et al., 1993); B- 
chemokine receptor desensitization may work through a 
similar mechanism, although specific kinases have yet to 
be identified. 

The heterotrimeric G-protein complex consists of œ, B 
and y subunits (reviewed in Neer, 1995; Neer and Smith, 
1996). Ga binds to GTP and catalyzes it conversion to 
GDP; GB and Gy form a highly stable dimer which is 
considered to function essentially as a monomer. When 
GDP is bound to Go it allows this protein to associate 
with the GBy dimer, which in turn associates with the 
cytoplasmic domains of receptors. Upon ligand binding, 
a conformational change in the receptor causes GDP to 
be displaced from Ga and, owing to the high ratio of 
GIP to GDP in the cytoplasm, GTP binds in its place 
and causes Ga to lose contact with GBy and the receptor. 
Ga-GTP and Gy then act as the second messengers, 
altering the activity of a variety of enzymes and thus 
initiating the cascade of events that will eventually result 
in the phenotypic alteration of the cell. Once the GTP is 
hydrolyzed, Ga-GDP reassociates with GBy, returning to 
an inactive state attached to the receptor ready for the 
next stimulus: desensitization of receptors possibly 
interferes with this final step of the cycle. 

The number of potential targets for the activated Ga- 
GIP and free GBy is large and steadily increasing 
with new discoveries. For example, Ga regulates 
phospholipase C, membrane cation channels, and the 
cAMP-generating enzyme adenylyl cyclase (Neer, 1995) 
while free GBy can also have a direct effect on adenylyl 
cyclase, increase arachidonic acid synthesis ‘via 
phospholipase A, activation (reviewed in Clapham and 
Neer, 1993), and stimulate the ras/mitogen-activated 
protein kinase (MAPK) cascade (Crespo et al., 1994; 
Faure et al., 1994). Monocyte chemotaxis in response 
MIP-la can be partially inhibited by antisense 
oligonucleotides to phospholipase C, and MCP-1 and 
IL-8 are both able to stimulate the MAPK cascade, so 
both these pathways are likely to be involved in 
chemokine function (Druey et al., 1996; Knall et Al, 
1996; Locati et al., 1996; Wu et al., 1993). However, 
many isoforms of œ, B, and y exist which vary with respect 
to (a) their spatial and temporal expression, (b) their 
receptor specificity, (c) their efficiency of GTP hydrolysis 
and (d) their extent of inhibition or activation of effector 
molecules (reviewed in Neer, 1995). For example, 
pertussis toxin does not inhibit signaling through some 
serpentine receptors as they use Ga proteins outwith the 
Ga, subclass. Also, whilst Go,-GTP proteins inhibit 
adenylyl cyclase to reduce intracellular cAMP levels, the 
GTP-bound form of the Ga, subclass actually activates 
the same enzyme to increase the cAMP concentration. 
Thus, it seems possible that the same ligand-receptor 
complex could elicit quite different biological effects 
depending on the type of G-protein complexes available 


within the target cell and also that two different receptors 
may work through different pathways when expressed in 
different cell types. This hypothesis has obvious 
implications with respect to MIP-Ia@, which signals 
through several receptors to produce a varied range of 
biological effects, and care must be taken when 
extrapolating the results generated with one chemokine 
in a particular cell type to the effect of MIP-la on a 
different cell type. The identification of the G-protein 
complexes involved in specific cell types with each of the 
receptors discussed above should be one of the first steps 
in understanding MIP-1la-induced signaling. 

The study of the stem cell inhibitory function of MIP- 
la has been simplified by the characterization of cell lines 
whose proliferation is reduced in the presence of 
MIP-la. FDCP-Mix, a mouse multipotent hemopoietic 
cell line, and MO7e cells derived from a patient with 
acute megakaryocytic leukemia are both inhibited to 
some extent by MIP-1a (Graham et al., 1993; Mantel et 
al., 1995), and these can now be used to begin to unravel 
the complexities of the signal transduction cascade. 
Indeed, Mantel and colleagues have demonstrated that in 
MO7e cells treated with MIP-la there is an increase in 
phosphatidylcholine (PC) turnover and a rise in the level 
of cAMP, probably due to activation of phospholipase C 
(PLC) and adenylyl cyclase, respectively (Mantel et al., 
1995). Interestingly, PC breakdown by PLC is known to 
activate the transcription factor NEKB, which in turn 
sumulates the production of mRNA for the p53 protein, 
a potent growth suppressor (Schutze et al., 1992: Wu 
and Lozanno, 1994). Furthermore, increase in cAMP 
has for many years been known to inhibit the 
proliferation of some hemopoietic cells (Kurland et al., 
1977; Rock et al., 1992) and, although the exact nature 
of this suppression remains unknown, it is intriguing that 
cAMP has been shown to prevent ras-raf association and 
therefore abrogate the activation of the MAPK cascade, a 
major mitogenic stimulus (Cook and McCormick, 
1993). Indeed, it has recently been demonstrated that 
the MAPK pathway is inhibited in MO7e cells by MIP- 
1 treatment (Aronica et al., 1995), which suggests that 
MIP-lœ may inhibit cell proliferation by directly 
impinging on the signals initiated by proliferation 
inducers. 

Signaling targets for MIP-1q are only beginning to be 
identified and more extensive studies are required before 
we can fully understand the molecular basis for the 
biological effects of MIP-la. 


6. MIP-lo. in Disease and Therapeutic 
Implications 


The potential for MIP-1© to inhibit normal hemopoietic 
stem cell proliferation suggested a therapeutic role for 
MIP-la as a stem cell protection agent during 
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chemotherapy for cancer some time ago (Graham and 
Pragnell, 1991), and indeed clinical trials are now under 
way to test this possibility in a number of centers. MIP- 
lœ may also play a role in the development of leukemia. 
We have found, along with other investigators, that in 
contrast to normal hemopoietic stem cells, the 
proliferation of the most primitive progenitors from bone 
marrow and peripheral blood from patients with chronic 
myeloid leukemia (CML) is not prevented by MIP-Ia 
treatment 7” vitro (Eaves et al., 1993; Holyoake et al., 
I993; Nirsimloo and Gordon, 1995). In another 
hemopoietic neoplasm, acute myeloid leukemia, there is 
a range of responses to M1P-1q@ treatment, some blast 
cells being refractory to M1P-la in vitro and others from 
different patients displaying a moderate response 
(Ferrajoli et al., 1994; Basara et al., 1996; Owen-Lynch 
et al., 1996). Thus use of M1P-1a for purging in these 
diseases may be possible, but more development of this 
approach will be required. As with CML, the 
proliferation of cell lines established from various stages 
during the development of squamous cell carcinoma is 
unaffected by MI1P-la treatment, despite their being 
derived from keratinocytes whose proliferation can be 
inhibited by this chemokine (G. Graham, unpublished). 
Whether the development of these neoplasms requires 
loss of MIP-1a@ responsiveness remains to be determined. 
It has also been observed that there is marked increase in 
the expression of MIP-la mRNA in patients with bone 
marrow failure, aplastic anemia, myelodysplastic 
syndrome, and hypereosinophilia, and in several types of 
leukemia (Yamamura et al, 1989; Maciejewski et al., 
1992; Costa et al., 1993), though the significance of 
these results remains to be explored. 

The wide range of the biological activities described 
above indicates that M]P-1a@ expression may feature in a 
range of inflammatory diseases, both acute and chronic, 
and indeed this is the case. Considerable attention has 
focused on inflammatory lung disease, which can be 
induced experimentally in laboratory animals and is often 
associated with a considerable upregulation of MIP-lo 
expression (Standiford et al., 1993; and reviewed in 
Strieter et al., 1996; Driscoll, 1994). Pulmonary alveolar 
macrophages have been shown to be a potent source of 
MIP-1la, although it is likely that other cell types may 
also contribute to chemokine production during 
inflammatory reactions. Recently, a number of reports 
have demonstrated that neutralizing antibodies to M1P- 
la can significantly abrogate leukocyte infiltration into 
the lung and reduce associated tissue damage. For 
example, pulmonary fibrosis and mononuclear cell 
accumulation induced by treatment with bleomycin are 
reduced when the animals are inoculated with anti-MIP- 
la antibodies (Standiford et al., 1993; Smith et al., 
1994). Similar antibody inocula reduce neutrophil 
numbers in bronchoalveolar lavage from mice with acute 
lung injury resulting from intratracheal administration of 
LPS or 1gG complexes (Shanley et æl., 1995). These two 


models are quite distinct: bleomycin stimulates a T cell- 
dependent inflammatory response, while LPS injury 
operates mainly through neutrophils. Both, however, 
appear to use M1P-1a as a chemoattractant at some stage 
during the development of the pathology. Furthermore, 
MIP-1la has been implicated in allergic inflammation of 
the lung, characterized by eosinophil influx and 
activation, and again in this example anti-MI1P-la 
antibodies can partially abrogate eosinophil accumu- 
lation, although an associated neutrophil influx is 
unaffected (reviewed in Strieter et al., 1996). Thus, 
animal models of lung inflammatory diseases individually 
characterized by infiltration of a broad spectrum of 
leukocyte populations exhibit a dependency on MIP-la 
for full pathological expression. Finally, as discussed 
above, the reduced inflammation and viral clearance seen 
in MIP-Iq@ null mice infected with the influenza virus 
shows that MIP-1q has a role in protecting the lung from 
certain viruses. ln conjunction with these observations is 
the demonstration that MIP-la, and other B- 
chemokines, are induced in human monocytes infected 
with influenza virus zn vitro (Sprenger et al., 1996). It is 
of interest also to note here that HIV-I-infected alveolar 
macrophages express MIP-1a@ and this expression may 
contribute to the CD8* alveolitis (Denis and Ghadirian, 
1994). 

MIP-la has also been implicated in rheumatoid 
arthritis. In synovial fibroblasts from arthritic patients, 
LD78 is highly abundant and may play a role in the 
infiltration of the joint by leukocytes apparent in the 
disease (Hosaka et al., 1994; Koch et al., 1994; and see 
review by Kunkel eż æl, 1995). The murine type II 
collagen-induced arthritis has been used as a model for 
the human form of the disease and shows an 
upregulation of MIP-la expression paralleling the 
incidence and magnitude of the arthritis, with 
macrophages, chondrocytes, and fibroblasts as the likely 
source of the chemokine. Antibodies to M1P- Ia induced 
a significant reduction in the extent of the disease when 
inoculated into test animals during the period of arthritic 
induction (Kasama et al., 1995b). 

In another animal model, experimental autoimmune 
encephalitis (EAE), M1P-la@ antibody treatment once 
more leads to an amelioration of the severity of the 
disease (Godiska et al, 1995; Karpus et æl, 1995; 
Miyagishi et al, 1995). EAE is a T cell-mediated 
autoimmune demyelinating disease which serves as a 
model for the human disease multiple sclerosis. Both 
acute and relapsing disease was prevented in this study 
and the accompanying mononuclear infiltration into the 
CNS was very much reduced. lt is possible that 
astrocytes, microglia, and encephalitogenic T cells serve 
as sources of MIP-la in this disease (Karpus et al., 
1995; Murphy et al, 1995). Moreover, MIP-la 
appears to be partially responsible for PMN and 
mononuclear influx into the central nervous systems of 
mice infected with Listeria monocytogenes, which is used 
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as a model for bacterial meningitis in humans (Seebach 
et #0, 1995). 

The models described above are just a few examples in 
which a role for MIP-I@ in inflammatory responses has 
been clearly demonstrated. It is likely that this list will 
increase, and in fact MIP-I@ has already been implicated 
in cutaneous inflammation (Schroder et al., LOO Gi; 
cutaneous Leishmaniasis (Ritter et al, 1996), and 
inflammation in the kidney induced with anti-alpha- 
3(IV) collagen antibodies (Danoff et al., 1995). It is of 
interest to note here that HIV-I-infected alveolar 
macrophages express MIP-la and this expression may 
contribute to the CD8* alveolitis in the disease (Denis 
and Ghadirian, 1994). A detailed examination of all of 
inflammatory disease models in the MIP-la null mice 
should provide further evidence to support the 
implications from the studies using anti-MIP-la 
antibodies, and one may predict that these mice may 
show a less severe pathology as is observed in coxsackie 
virus infection (Cook et al., 1995). 

The therapeutic implications of the association of 
MIP-la with these various disease states may be 
manifold, and one could hypothesize that MIP-lo 
antagonists may prove to be useful weapons with which 
to combat certain chronic and acute inflammatory 
diseases in man, such as rheumatoid arthritis, asthma, and 
multiple sclerosis. However, it is likely that MIP-la is 
just one of the players in a highly complex cascade of 
events involving many other chemokines and cytokines 
responsible for the development of the inflammatory 
response, and it is debatable whether abrogation of MIP- 
Ia alone will be sufficient to avert the pathological 
manifestations of the disease in question. Indeed, 
inhibiting the function of other o- and B-chemokines has 
also been shown to reduce inflammatory cell influx into 
affected tissue (reviewed in Stricter et al., 1996) and a 
combinatorial approach to chemokine inhibition may 
prove to be more successful. On a more cautionary note, 
accumulating evidence discussed above implies a crucial 
role for MIP-la in fighting viral infection and it is 
possible that regimes aimed at preventing MIP-Io 
function may compromise protection from certain 
viruses. 

Perhaps the most exciting potential for MIP-Ia@ is 
suggested by the recent observations that MIP-la, 
RANTES, and MIP-IB are major HIV-suppressive 
factors produced by CD8 T cells (Cocchi et al., 1995). 
This field has become even more exciting as the initial 
discoveries that chemokine receptors are cofactors for 
HIV entry into CD4# lymphocytes are rapidly extended. 
As discussed at length above, it has now been shown that 
HIV resistance is seen in individuals who are 
homozygous for a mutation in the CCR-5 gene, a 
receptor for MIP-la, RANTES, and MIP-18. This 
mutation appears to result in the improper trafficking of 
CCR-5 to the cell surface, and one would assume a 
complete loss of function: individuals with this mutation 


are nonetheless phenotypically normal, with the 
exception of being resistant to HIV (Wilkinson, 1996). 
Therefore, it is unlikely that small-molecule antagonists 
to this receptor will have an adverse affect on the health 
of the individual, and the development of such drugs is 
being intensively pursued in many laboratories. In fact, 
mutants of RANTES have been described that are able to 
antagonize HIV infection without activating the CCR-5 
receptor (Arenzana-Seisdedos et al., 1996; Simmons et 
al., 1997). Such a molecule may have potential use as an 
anti-HIV drug without being hampered by the 
chemotactic and activating effects of the wild-type 
protein; similar MIP-la-based antagonists could also be 
developed. A better understanding of receptor-—ligand 
interactions should permit the development of other 
potential drugs and is awaited with anticipation. 


9. Summary 


There has been much exciting progress in the 
development of our knowledge of MIP-Ia, particularly 
concerning protein structure, the complexities of its 
receptor biology, and the involvement of this chemokine 
in a range of chronic and acute inflammatory diseases. 
The specific roles attributed to MIP-Ia by in vivo and in 
vitro studies strongly suggest therapeutic potential for 
either the protein or antagonists, particularly in 
important diseases like AIDS, multiple sclerosis, and 
rheumatoid arthritis, and also as a possible hemo- 
protective agent during cancer treatment. More detailed 
studies of the relevant animal models may reveal further 
activities to be exploited, particularly in the area of virus- 
induced disease, and the MIP-la@ null animals should 
prove to be a valuable tool. Finally, the availability of 
genes encoding MIP-la receptors should now allow 
molecular dissection of the mechanisms involved in 
mediating the pleiotropic effects of this fascinating 
protein. 
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l. Introduction 


In the early 1980s, Bottazzi and colleagues (1983) 
reported that supernatants of more than 20 human and 
murine tumors contained chemotactic activity for 
mononuclear phagocytes. When purified by gel filtration 
chromatography, the chemotactic activity eluted at an 
apparent molecular mass of about 12 kDa. 

In the late 1980s, several groups isolated and 
identified from human tumor cell lines related factors 
with monocyte chemotactic activity: MCF, monocyte 
chemotactic factor (Matsushima et al., 1989); MCAF, 
monocyte chemotactic and activating factor (Furutani et 
al, 1989); GDCF-2,  glioma-derived monocyte 
chemotactic factor (Robinson et al., 1989; Yoshimura et 
al., 1989a); MCP or MCP-1, monocyte chemotactic or 
chemoattractant protein-1 (Van Damme et al., 1989; 
Yoshimura et al., 1989c) and CF, chemotactic factor 
(Graves et al., 1989). Malignant cells were not the only 
source of monocyte chemotactic activity, as similar 
human factors could also be purified from fibroblasts (JE, 
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ll. References 


Rollins et al., 1989; MCP, Van Damme et al., 1989) and 
peripheral blood mononuclear leukocytes (LDCF, 
lymphocyte-derived chemotactic factor, Yoshimura et al., 
1989b; MCP, Van Damme et al., 1989; HC11, Chang et 
al., 1989). The primary structure of the corresponding 
76-amino-acid glycoprotein was determined by cDNA 
sequencing and by protein sequence analysis. All these 
monocyte chemotactic factors had the same amino acid 
sequence but appeared as different glycosylation forms. 
In this chapter, they will be referred to as MCP-1. 
Human MCP-1 was homologous to a murine protein 
encoded by the JE cDNA, a platelet derived growth 
factor (PDGF)-inducible protein from mouse fibroblasts 
(Cochran et al., 1983). It belongs to a family of small 
proteins with four conserved cysteines. This family of 
chemotactic cytokines, including interleukin-8 (IL-8), 
was initially referred to as the “intercrines” (Oppenheim 
et al., 1991). More recently the term chemokines 
became generally accepted. Chemokines were divided 
into two subgroups, called C-X-C (or a-) and C-C (or 
B-) chemokines, depending on whether the first two 
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cysteines were separated by one amino acid or not (for 
review, see Oppenheim et æl., 1991; Miller and Krangel, 
1992; Baggiolini et al, 1994; Schall, 1994; Van 
Damme, 1994). MCP-1 belongs to the C-C branch 
together with other human chemokines like RANTES, 
I-309, the macrophage inflammatory proteins (MIP-lo 
and MIP-1B), and the two related molecules MCP-2 
and MCP-3 (Van Damme et al., 1992). The MCP-2 
protein sequence has also been deduced from the HC14 
cDNA that was co-induced with HC11 or MCP-] in 
anti-CD2-stimulated peripheral blood lymphocytes 
(Chang et al., 1989). However, the cDNA was never 
used to generate biologically active protein and the 
protein sequence was not introduced in the data 
libraries. As a consequence, no biological function could 
be attributed to this protein until MCP-2 was purified 
and sequenced from osteosarcoma cells (Van Damme et 
al., 1992). Its primary structure completely matched 
the HCl4 cDNA-derived sequence. The MCP-3 
protein identified from the same cellular source was 
found to be most closely related to MCP-1 (Van 
Damme et al., 1992). 

-These MCPs have attracted much interest with respect 
to their role in leukocyte migration and activation in 
inflammatory and neoplastic diseases. MCP-1 can be 
produced constitutively or upon induction with different 
cytokines, viruses, endotoxins, plant lectins, or phorbol 
esters in a wide variety of normal and malignant cell 
types. mRNA or protein has been demonstrated in 
several human diseases where monocyte accumulation or 
activation is an important phenomenon, e.g., cancers, 
rheumatoid arthritis (RA), atherosclerosis, inflammatory 
skin diseases, bronchial infections, and liver diseases’ (for 
review, see Stricter et al., 1994; Kunkel et al., 1996; 
Lukacs et al., 1996; Schröder et al., 1996). 

The spectrum of cells known to be responsive to 
MCP-1, MCP-2, MCP-3 and other C-C chemokines has 
since been broadened considerably. Leukocytes other 
than monocytes, such as eosinophils, basophils, 
lymphocytes dendritic cells, and natural killer (NK) cells 
have been shown to be sensitive (chemotaxis, enzyme 
release, enhanced intracellular Ca” concentration) to 
one or more of these MCPs. 

Chemokines, including MCPs, activate their target 
cells by G-protein-coupled receptors characterized by 
seven transmembrane regions and belonging to the 
serpentine receptors (for review, see Kelvin et al., 1993: 
Ahuja et al., 1994; Murphy, 1994; Wells et al., 1996). 
The intracellular loops of the receptor interact with G- 
proteins which, upon activation through ligand-receptor 
binding, can exchange GTP for GDP. The GTP-bound 
G-protein can further activate intracellular effector 
enzymes and the GDP form is restored after GIP 
hydrolysis. 

This chapter will concentrate on the sequences, 
activities, and producer and effector cells, as well as 
receptors, of the three human MCPs. 


2. The MCP Gene Sequences and 
Structure 


The MCP-1 and MCP-3 genes (Figures 32.1(a) and 
32.2(a)), like all other C-C chemokine genes, have both 
been allocated to human chromosome 17. Both genes, 
with locus symbols SCYA2 and SCYA7 (small inducible 
cytokine’ genes numbers 2 and 7), respectively, were 
assigned to the C-C chemokine gene cluster on locus 
17q11.2-12 (Mehrabian et al, 1991; Rollins et al, 
199la; Opdenakker et al., 1994). For the MCP-2 
protein, the cDNA and genomic DNA sequence have 
been described recently (Van Coillie et al., 1997a,b). 


2.1 MCP-1] 


The MCP-1 gene (Figure 32.1(b)) consists of three 
exons (136 bp (base pairs), 118 bp, and 478 bp in size) 
and two introns (800 bp and 385 bp) (Chang et al., 
1989; Shyy et al., 1990). The translated MCP-1 mRNA 
codes for a 99-amino-acid (aa) protein including a 23-aa, 
mainly hydrophobic, leader sequence. As well as the 
normal transcription initiation site (asterisked in Figure 
32.1(a)), two other sites which are located farther 
upstream (6 and 8 bp, respectively) are sometimes used. 
The promoter region contains the TATA box, 96 bp 
upstream of the translation initiation site. The 
polyadenylation site (AATAA) is located 353 bp 
downstream of the stop codon (Figure 32. (DIV 

In addition to a GC box (at -126 bp), two 
tetradecanoylphorbol acetate (TPA)-responsive elements 
(TRE) for the binding of transacting factor AP-] 
(T'GACTCC and TCACTCA) are found at positions 
-128 and -156, respectively (Figure 32.1(a)). dine 
GGAAGATCCCT consensus sequence for the xB 
enhancer element (position —148), which might possibly 
be involved in lipopolysaccharide (LPS) and tumor 
necrosis factor (TNF) responses, and the ATTTGCGT 
consensus sequence for the octamer transcription factor 
(OTF at position -282) were found farther upstream in 
the promoter region (Shyy et al., 1990). Several other KB 
binding sites and TREs were discovered in the enhancer 
region, between 2 and 3kbp upstream from the 
translation initiation site (Ueda et al., 1994). Promoter 
and enhancer regions thus contain cis-elements which are 
possibly important for the regulation of MCP-1 gene 
transcription. The two cis-elements, essential for the 
MCP-1] induction and for the maintenance of basal 
MCP-1 transcriptional activity, were found to be the Spl 
binding GC box at position -126 in the promoter region 
and the KB binding site at position -2672 in the 
enhancer region, respectively. All other KB binding sites 
and TREs are thought to be nonfunctional. The essential 
nuclear factor KB (NF«B) and Sp] binding sites however, 
cannot completely explain the MCP-1 gene transcription 
since, for example, in lymphocytes virtually no MCP-1 
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IFN-y 
181 ...atgctttcatctagtttcctcgcttccttccttttcctgca gttttcgcttca ga gaaagcagaatccttaaaaataacccicttagttcacatctgtg 
OTF 

280 gtcagtctggecttaatggcaccccatcctccccattigcgtcatttgetctcagca gtgaatggaaaaaagtectcgtcctcacccccctgcttc 

KB ERE 

376 cctticctacttcctggaaatccacaggatgctgcatttyctcagcagatttaacagcccacttatcactcatgpaagatccctcctcctgctigact 

GC-box TATA-box * 

474 ccgecctctctccctctgcccgctttcaataagagecagagacagcapccagagegaaccgagapectgagactaacccagaaacatcca 

r 563 attctcaaactgaagctcgcactctcgcctecage ATG AAA GTC TCT GCC GCC CTT CTG TGC CTG 
628 CTG CTC ATA GCA GCC AC C TTC ATT CCC CAA GGG CTC GCT|CAGI|CCA Ggtaa... 


INTRON 


1466 ...ttccag AT GCA ATC AAT GCC CCA GTC ACC TGC TGC TAT AAC TTC ACC AAT A 
1517 GG AAG ATC TCA GTG CAG AGG CTC GCG AGC TAT AGA AGA ATC ACC AGC A 
1565 GC AAG TGT CCC AAA GAA GCT GTG AT gtgagtt... 


INTRON 


1972 ...cagC TTC AAG ACC ATT GTG GCC AAG GAG ATC TGT GCT GAC CCC AAG CAG 

2021 AAG TGG GTT CAG GAT TCC ATG GAC CAC CTG GAC AAG CAA ACC CAA ACT 

2069 CCG AAG ACT tgaacactcactccacaacccaagaatctgcagctaacttattttcecctagctttccccagacaccctgttt 

2151 tattttattataatgaattttetttettgatgtgaaacattatgccttaagtaatgttaattcttatttaagttattgatgttttaagtttatct 

2246 ttcatggtactagtgttttttagatacagagacttggggaaattgcttttcctcttgaaccacagttctacccctgggatgttttgagggt 

2337 ctttgcaagaatcattaatacaaagaattttttttaacattccaatgcattgctaaaatattattgtggaaatgaatattttgtaactatt 
* 





pe 





(a) 2428 acaccaaataaatatatttttgtacaaaacctgacttccagtgttttcttgaaggaaatt... 

Exon 1 2 3 

size 136 bp 118 bp 478 bp 

amino acid -23 3 3 42 42 76 

TATA AATAAA 

intron 1 2 

size 800 bp 385 bp 

, ff t ime PE t 

© =- aa =E mi om T 
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Figure 32.1 MCP-1 genomic sequence and gene (SCYA2) structure. (a) The MCP-1 (Rollins et al., 1989; Shyy et al., 


1990) genomic sequence is shown with the three exons printed in bold. Upper-case letters indicate the sequence 
which encodes the MCP-1 protein and signal sequence (the box indicates the first amino acid in the mature protein). 
The 5’ and 3’ ends of the intron sequences are in medium lettering. Both the transcription initiation and poly(A) sites 

are asterisked. The TATA box, the IFN-y consensus sequence, the TRE, the xB enhancer element, the GC-box, and 

the OTF are underlined. (b) The MCP-1 exon sequences are indicated as open and solid boxes for the untranslated 
and translated DNA sequences, respectively. The intron sequences are indicated as a straight line. The positions of 
the 23-aa signal peptide and the 76-residue secreted protein are indicated above the exons. Restriction enzyme 
cleavage sites are marked by arrows. 


mRNA is found (Colotta et al., 1992a), although the Sp1 
expression is rather high (Ueda et al., 1994). 


sequences (Pal), which might enhance DNA 
recombinatorial events, are also clustered in this region. 
Other interesting features like the CAAT-box, the TATA- 
box, a Cap-signal, the transcription initiation site and at 


mez MCLs the 3’ end a mRNA hairpin loop, an AT-rich mRNA 


As for the MCP-1 gene, three exons (131 bp, 118 bp, 
and 546 bp long) and two introns (779 bp and 433 bp 
long) are included in the MCP-3 gene (Figure 32.2(b)). 
The promoter region of the MCP-3 gene (Figure 
32.2(a)) contains two tandem dinucleotide repeats 
(TDR), (CA),, and (GA),, a property which is shared 
with the MIP-1la and 1-309 gene sequences. Direct and 
indirect repeats (DR and IR) as well as palindromic 


destabilizing region, and the polyadenylation site are 
indicated on Figure 32.2(a) (Opdenakker et al., 1994). 
Similarly to the MCP-1 exons, the MCP-3 exons 
encode for a protein of 99 amino acids, which includes a 
23-aa signal sequence. The codons for aa 3 and 42 are 
interrupted by the intron sequences (Figure 32.2(b)). 
Recently, a more detailed analysis of the promoter region 
of MCP-3 has been described (Murakami et al., 1997). 
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52 „aagatcacacacacacacacacacacacacacacacacatacagagagagagagagacaccigagaaatteealciggiccaacigcig 
121 gctgtigaagtccitcccaycccagaccccagacactgaatgaageccttytgatatagicaagagcaaaauaacccugaagatigttattgttt 
IFN-y 


235 ce ll aa ie ai eal kia ge aa 
-A 


DR-A 
338 bch SU lah cl at SU li ala a ae SS ee 
j I 


438 ttlyaatgictctttgivgacicgigicctugyyuluccuciccaaagppaaaappppaatatcccitacatulcitigacttigglaicccigattc 
Pal-A CAAT-box 
$36 CSUN EE ea Pean 2i petoigigalaaanccaiapattac aiaei eee occas gaccctacctc 
a = 
637 acctaccaciccl gpicttagctpaaaaacaggcragccicgactcatactgicatttectatcctcccactgaagigcaciggctcagcagattt 
DR-B DR-B TATA-box Cap-signal 
733 atlacitccatagatttatiactccanctatgattcatccictctycticctataaaagecagapacapagcitccagappagcapapegecipag 


* 
829 accaaaccagaa acctccaattctec ATG TGG AAG CCC ATG CCC TCA CCC TCC AAC ATG A 
888 AA GCC TCT GCA GCA CTT CTG TGT CTG CTG CTC ACA GCA GCT GCT TTC AG 


937 C CCC CAG GGG CTT GCT[CAG|CCA Ggtaag... 


INTRON i 
1735 ...gcagTT GGG ATT AAT ACT TCA ACT ACC TGC TGC TAC AGA TTT ATC AAT AA 
1761 G AAA ATC CCT AAG CAG AGG CTG GAG AGC TAC AGA AGG ACC ACC AGT AG 
1833 C CAC TGT CCC CGG GAA GCT GTA ATguatg... 


INTRON 

2286 acagC TTC AAG ACC AAA CTG GAC AAG GAG ATC TGT GCT GAC CCC ACA CAG 
2337 AAG TGG GTC CAG GAC TTT ATG AAG CAC CTG GAC AAG AAA ACC CAA ACT 
2386 CCA AAG CTT tgaacattcatgactgaact gaaaacaagccatgacttgagaaacaaataatttgtataccctgtcctttct 
2465 cagagtgg ttctgagattattttaatctaattctaaggaatatgagctttatgtaataatgtgaatcatggtttttcttagtagattttaa 


2556 aapttattaatattttaatttaatcttccatggattttggtgggttttgaacataaagccttggatgtatatgtcatctcagtgctgtaaa 
2659 aactete peatectoctccettetceacctca tp ppeet atte (ath dere: Meee Enae aAa oa n 





2737 gatatgatgtccctatggaagcatattgttattatataattacatatttgcatatgtatgactcccaaatt ttcacataaaatagattttt 


(a) 2838 gtataaca gctgc... 


Exon 1 
size 131 bp 
amino acid -23 3 


intron 1 
size 779 bp 


-> 
-> 
ELN 
"i 
—_ 


Sau3a 


(b) 


Figure 32.2  MCP-3 genomic sequence and gene (SCYA7) structure. (a) The MCP-3 genomic sequence (Opdenakker 
et al., 1994) is shown with the three exons printed in bold. Upper-case letters indicate the sequence which encodes 
the MCP-3 protein and signal sequence, with the position of the first amino acid in the mature protein boxed. The 5’ 


and 3’ ends of the intron sequences are in medium letterin 


g. Both the transcription initiation and poly(A) sites are 


asterisked. The CAAT box, TATA box, Cap signal, hairpin loop TA motif, CA and GA repeats and the IFN-y recognition 
element (IFN-y) are underlined, while the DR and IR and Pal encoded are printed in italic. (b) The MCP-3 gene 
structure is shown in the same way as the MCP-1 gene structure in Figure 32.1(b). 


3. The MCP Proteins 


Natural MCP-1, MCP-2 and MCP-3 were copurified from 
osteosarcoma cell supernatants by their affinity for heparin. 
Fractionation and purification to homogeneity could be 
obtained by cation exchange and reversed-phase columns, 
resulting in pure MCPs identified by protein sequencing 
(Van Damme et al., 1992; Proost et al., 1996a). 


3.1 MCP-1 


Human MCP-1 is a glycoprotein of 76 amino acids with 
four cysteines forming two intramolecular disulfide 


bridges (Cys''—Cys*® and Cys’*-Cys*”). The protein 
contains 13 basic Lys and Arg residues, responsible for its 
high theoretical pI of 10.6. Except for some minor 
amino-terminal processed forms (Decock et al., 1990; 
Carr et al., 1994), the amino-terminus of mature MCP- 
l is blocked for Edman degradation by a pyroglutamic 
acid residue, which could not be removed by 
pyroglutamyl aminopeptidase. Using a combination of 
sequencing of proteolytic fragments and mass 
spectrometry, the complete amino acid sequence of 
human MCP-1 could be determined (Robinson et al., 
1989). One N-glycosylation site is located close to the 
amino-terminus (Figure 32.3) and several glycosylated 
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Figure 32.3 Protein sequences of human MCP molecules. The amino acid sequences of human MCP-1, MCP-2 and 
MCP-3 with their amino terminal pyroglutamic acid (Gip) and N-glycosylation sites (underlined) indicated. The MCP-1 
protein sequence is indicated uppermost in the circles with the MCP-2 (left) and MCP-3 (right) sequences depicted 
below. Where a residue is completely conserved in all human MCPs, this amino acid is not repeated for MCP-2 and 


MCP-3. The cysteine residues are shown as solid circles and both disulfide bridges (Cys""—Cys” and Cys'’—Cys 


9) 


are indicated by bold lines. 


forms of MCP-1 have been reported ranging from 9 kDa 
to 17kDa on SDS-PAGE (sodium dodccyl sulphate- 
polyacrylamide gel electrophoresis). So far, the use of 
such N-glycosylation has not becn reported. The 
addition of O-linked sugars and sialic acid residues 
contributes to the different molecular mass forms of 
MCP-1 (Robinson et al., 1989; Yoshimura et al., 1989a; 
Decock et al., 1990; Jiang et al., 1990). 

Based on the IL-8 solution structure, deduced from 
NMR data, the three-dimensional structure of MCP-1 was 
predicted to consist of two MCP-1 peptide molecules 
linked to form an MCP-1 dimer (Gronenborn and Clore, 
1991). NMR studies on the solution structure of MIP-1, 
however, revealed a number of structural differences 
between C-C and C-X-C chemokines (Lodi et al., 1994). 
1L-8 was found to be globular in shape, whereas for MIP- 
1B a more cylindrical structure is proposed. In contrast to 
the 1L-8 a-helices, both MIP-1f a-helices were found to 
be located at opposite sites of the molecule. Thus, the 
MI1P-18 monomer structure is similar to the 1L-8 structure 
but the dimer interface and quaternary structure are 
completely different. The authors suggest that probably all 
C-X-C chemokines follow the 1L-8 model, whereas all C- 
C chemokines behave like M1P-1ß, indicating that the 
former modeling of the MCP-1 structure on 1L-8 was 
incorrect (Lodi et al., 1994). Further experiments need to 
be done to clarify these issues. 


Recent studies using size-exclusion HPLC (high- 
performance liquid chromatography), sedimentation 
equilibrium, and chemical cross-linking have shown that, 
at physiological (low nanomolar) concentrations, MCP-1 
as well as 1L-8 and 1-309 occur as monomers instead of 
dimers (Paolini et al., 1994). MCP-1, as well as 1L-8, 
forms an equilibrium between the monomeric and 
dimeric forms with a dimer dissociation constant" K,) of 
33 + 18 uM. Thus, at concentrations above 100 uM 
almost all MCP-1 is in the dimeric state, explaining the 
previously obtained results. At low, but physiologically 
active concentrations (<100 nM), however, MCP-1 
occurs almost exclusively as a monomer. This is in line 
with the findings that IL-8 is also active in the 
monomeric form (Rajarathnam et al., 1994). 


3.2 MCP-2 AND MCP-3 


Similarly to all other animal MCPs isolated so far, human 
MCP-2 and MCP-3 also appearcd to be blocked at the 
‘amino-terminus. Therefore, protein sequence data were 
obtained by Edman degradation of proteolytic fragments 
a Damme etal., 1992, 1993). The MCP-2 and MOP- 
3 proteins contained 76 amino acids, including four 
cysteines which are characteristic for the chcmokine 
family (Figure 32.3). Both peptides display high 
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sequence similarity to MCP-1 (62% and 71% identity, 
respectively). MCP-2 and MCP-3 are slightly more basic 
than MCP-1 (pI = 10.6) with theoretical pl values of 
10.8 and 10.9. 

The MCP-2 sequence does not contain N- 
glycosylation sites. Since the theoretical molecular mass 
of MCP-2 is 8893 Da and since natural as well as 
synthetic MCP-2 both appear as 7.5 kDa proteins on 
SDS-PAGE under reducing conditions (Van Damme et 
al., 1992; Proost et al., 1995), no O-glycosylation is to 
be expected. So far, no studies on the tertiary and 
quaternary MCP-2 structure are available. 

Natural human MCP-3 occurred as an 11 kDa protein 
on SDS-PAGE (Van Damme et al., 1992). Although the 
cDNA-derived protein sequence contains one amino- 
terminally located N-glycosylation site (Figure 32.3; 
Minty et al., 1993; Opdenakker et al., 1993), natural 11 
kDa MCP-3 did not appear to be N-glycosylated 
(Opdenakker et æl., 1995). Moreover, folded synthetic 
76-aa long MCP-3 also appeared as an 11 kDa protein on 
SDS-PAGE, although the theoretical relative molecular 
mass is only 8935 Da (Proost et al., 1995). In addition to 
unglycosylated MCP-3, Minty and colleagues (1993) 
detected four forms (11, 13, 17, and 18 kDa) after 
expression in COS cells. Here, both N- and O- 
glycosylation were involved. Electrospray mass 
spectrometry of the unglycosylated protein confirmed 
the amino-terminal pyroglutamate and the existence of 
two disulfide bridges. 


4. Cellular Sources and Production * 
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MCP-1, together with 1L-8, is one of the most 
extensively studied chemokines. A wide variety of cells 
have been shown (at the protein or mRNA level) to 
produce MCP-1. In addition to normal cells like 
monocytes, fibroblasts, epithelial cells, mesothelial cells, 
chondrocytes, keratinocytes, melanocytes, mesangial 
cells, osteoblasts, astrocytes, lipocytes, endothelial cells, 
and smooth-muscle cells, a number of tumor cells have 
been identified as sources of MCP-1 (reviewed in Proost 
et al., 1996b). MCP-1 is expressed only at a very low 
level by unstimulated normal cells, whereas many tumor 
cell lines were found to constitutively produce MCP-1 
(Graves et al., 1989; Kuratsu et al., 1989; Mantovani et 
al., 1992). 

Monocytes are both target and producer cells of 
MCP-1. In addition to cytokines (1L-1, interferon-y 
(IFN-y), tumor necrosis factor-a (TNF-a), granulocyte- 
macrophage colony-stimulating factor (GM-CSF) and 
macrophage colony-stimulating factor (M-CSF)), 
mitogens (phytohemagglutinin (PHA) and concanavalin 
A (Con A)), double-stranded RNA (dsRNA), viruses 
(e.g., measles), phorbol ester, and o-thrombin were also 


found to induce MCP-1 in monocytes, mononuclear 
cells, or monocytic cell lines. Induction with bacterial 
lipopolysaccharide (LPS) yielded rather controversial 
results, which might in part be explained by 
contamination with very low amounts of LPS, resulting 
in a considerable MCP-1 expression, during monocyte 
purification. The protein synthesis inhibitor 
cycloheximide inhibited MCP-l1 expression in 
monocytes, whereas it superinduces MCP-1 expression 
on endothelial and fibrosarcoma cells. Other leukocytes 
are rather poor producers of MCP-1. Virtually no MCP- 
1 could be recovered from lymphocytes or granulocytes 
(Colotta et al. 1992a; Van Damme eż al., 1994). 

In general, cytokines such as IL-1, TNF-a, and 1FN-y 
are effective MCP-1 inducers in most normal cells. In 
addition, phorbol esters, low-density lipoprotein, 
thrombin, and shear stress have been identified as MCP- 
l-inducing factors on endothelial cells (Proost et al., 
1996b). IL-4 could amplify the MCP-1 induction by 1L- 
l in endothelial cells (Colotta et al., 1992b). 

Shyy and colleagues (1993) studied extensively the 
multiple signal transduction pathways of MCP-] 
induction in endothelial cells. Dioctanoylglycerol 
induced a protein kinase C (PKC)-dependent expression 
of MCP-1. Since staurosporine and genistein could only 
completely block phorbol ester-induced MCP-] gene 
expression when delivered together, both PKC and 
tyrosine kinase must be involved. In addition, LPS- 
induced MCP-1 expression could only be partially 
blocked by PKC and tyrosine kinase inhibitors. 
Therefore, it was concluded that a third pathway must be 
involved in MCP-1 gene transcription. 


4.2 MCP=2 


Natural human MCP-2 was originally identified after 
stimulation of osteosarcoma cells with human IL-18 or 
with a semi-purified cytokine mixture. By the use of a 
specific radioimmunoassay (RIA) for MCP-2, protein 
induction was detected on human diploid fibroblasts, by 
dsRNA and 1FN-y (Van Damme et al., 1994). In general, 
maximal MCP-2 production levels (+10ng/ml) were 
about 10 times lower than those of MCP-1, and IL-1B 
was a better inducer for MCP-1 than for MCP-2. Measles 
virus and IFN-y, but not IL-1, were good MCP-2 
inducers in MG-63 osteosarcoma cells, whereas IL-1B 
but not IFN-y significantly enhanced MCP-1 production 
in these cells. Hep-2 epidermal carcinoma cells 
stimulated with various MCP-1 inducers were poor 
producers of MCP-2 (< 1 ng/ml). 

Regulation studies of MCP-2 production in peripheral 
blood mononuclear cells confirmed the lower MCP-2 
yields compared to MCEI Significant MCP-2 
induction was detected after stimulation with IL-1B, 
IFN-B, IFN-y, dsRNA, measles virus, Gram-positive 
bacteria (S. aureus), and Con A, but not with PMA, LES: 
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or Gram-negative bacteria (E. coli) (Van Damme et al., 
1994; Bossink eż al., 1995). Finally, in contrast to 
mononuclear cells, neutrophil granulocytes were poor 
MCP-1 and MCP-2 producers. 

In conclusion, MCP-2 is often coproduced with 
MCP-1 but the production levels are considerably lower. 
In addition, induction of MCP-1 and MCP-2 could be 
differently regulated because IFN-y seemed to be a 
relatively better MCP-2 (than MCP-1) inducer, whereas 
IL-1 was a superior inducer of MCP-1 in mononuclear 
cells, fibroblasts, and osteosarcoma cells. In contrast to 
MCP-1, MCP-2 was only induced by Gram-positive and 
not by Gram-negative bacteria. 


4.3 MCP-3 


At present, little is known about MCP-3 inducers and 
producer cells. MCP-3 protein was copurified with 
MCP-1 and MCP-2 from the supernatant of 
osteosarcoma cells, induced with a cytokine mixture (Van 
Damme et al., 1992). The amount of protein recovered 
was comparable for MCP-3 and MCP-2. MCP-3 mRNA 
was found to be superinduced with cycloheximide in 
promonocytic U937 cells after pretreatment with 
phorbol ester (Minty et al., 1993). 

Minty and colleagues showed that MCP-1 and MCP- 
3 mRNAs were coordinately expressed in monocytes 
(after IFN-y or PHA stimulation) but not in fibroblasts 
or astrocytoma cells. After induction of astrocytoma cells 
or lung and bone marrow fibroblast cell lines with IL-1B 
and TNF-a, no MCP-3 mRNA expression could be 
detected, although the expression of MCP-I mRNA was 
clearly augmented. IL-13 inhibited both MCP-1 and 
MCP-3 mRNA expression. 


5. Biological Activities 


Monocyte chemotaxis im vitro and in vivo were the first 
activities ascribed to the three MCP molecules isolated so 
far. In vitro chemotaxis could be detected by measuring 
the migration of purified monocytes through poly- 
vinylpyrrolidone (PVP)-treated micropore filters in 
Boyden chambers (reviewed in Wuyts et al., 1994). The 
method can easily be adapted to neutrophil, eosinophil, 
and basophil chemotaxis provided that PVP-free 
membranes are used. However, the amount of blood, 
from normal donors, necessary to purify sufficient 
numbers of basophils and eosinophils is substantial. m 
order to study lymphocyte chemotaxis, micropore filters 
have to be pretreated with endothelial cells or fibronectin 
to prevent the cells from “falling” through the 
membrane pores (Carr et al., 1994; Taub et al., 1995a). 

A common property of most chemokines is the 
increase of [Ca’*]}, in their target cells. In order to 
measure the calcium concentrations, the cells are loaded 


with a fluorescent indicator (e.g., Fura-2; Grynkiewicz et 
al., 1985). Other activities of these monocyte 
chemotactic and activating factors include the release of 
enzymes (e.g., gelatinase, N-acetyl-B-glucosaminidase), 
arachidonic acid (AA) and leukotrienes, induction of the 
respiratory burst (H,O, formation), inhibition of tumor 
growth, and histamine release (Table 32.1 and see 
below). 


5.1 MCP-1 


MCP-1 was found to be chemotactic for human 
monocytes (but not for neutrophils) from 0.1 nM upward 
and to induce N-acetyl B-glucosaminidase (with an EC,, 
of 0.5 nM) and gelatinase B release from monocytes 
(Table 32.1). Recombinant MCP-1 is also able to induce 
(from 0.5 nM upward) enhanced [Ca”*], and to elicit the 
respiratory burst (from 16nM upward) as measured by 
H,O, formation in human monocytes (Yoshimura et al., 
1989a; Zachariae et æl., 1990; Rollins ef ai ib, 
Sozzani et al., 1991; Van Damme et ALTIN 72 en 
addition, thymidine incorporation into tumor cells was 
inhibited by MCP-I-activated monocytes (Matsushima 
et al., 1989). After stimulation of human monocytes and 
monocytic THP-1 leukemic cells with MCP-1 (1-10 nm 
for 15 s), induction of Ca**-dependent AA release occurs 
(Locati et al., 1994). 

Expression of the B,-integrins Mac-l and p150,95 
(not LFA-1), but not of @,-integrins, was enhanced by 
MCP-1. In addition, antibodies to B,- and o,-integrins 
both inhibited zm vitro MCP-1l-induced monocyte 
chemotaxis. Both integrins are probably necessary to 
induce effective im vivo chemotaxis (Jiang et al., 1992). 

Unlike RANTES and MIP-la (two other C-C 
chemokines), MCP-1 is not active on human eosinophils 
(Rot et al., 1992). However, MCP-I (10 nM to 1 pM) 
was able to induce histamine release from human 
basophils (normal and allergic donors). This effect could 
be inhibited + 30% by preincubation with IL-8 or 
RANTES (Alam et al., 1992a,b). When basophils were 
pretreated with IL-3, IL-5, or GM-CSF, the histamine- 
releasing effect of MCP-1 was doubled, and basophils 
were also activated to release leukotriene C, (LTC,) 
(Bischoff et al., 1992; Kuna et al., 1992). MCP-1 was 
found to be a stronger basophil agonist than IL-8, 
RANTES, MIP-la, MIP-1B8, complement fragment 3a 
(C3a), or anti-IgE receptor antibodies, but was 
somewhat weaker than C5a. Triggering of basophils with 
30 nM MCP-I induced a significant increase in [Ca**]. 
MCP-I also appeared to have chemotactic properties for 
basophils (Leonard and Yoshimura, 1990). It was active 
from 3nM upward with an optimal concentration of 
10-30 nM (Table 32.1). RANTES was active with the 
same optimal concentration but resulted in a higher 
number of migrating cells, while MIP-Ia caused 
comparable basophil migration to MCP-I at 3 times 
lower concentrations (Bischoff et al., 1993). 
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Table 32.1 Comparison of MCP-1, MCP-2 and MCP-3 activities on leukocytes in vitro 
Minimum effective concentration (nm) 
MCP-1 MCP-2 MCP-3 
Chemotaxis 
Monocytes 0.1 0.1-0.3 0.1-0.3 
Neutrophils > 30 > 100 (1)? 
Eosinophils > 300 3 3 
Basophils 3 10 3 
NK cells” T ND’ ND 
NK cells (+ IL-2) 3—6 3 3 
T cells? 0.01—1 0.01—1 0.01-1 
Cloned T cells‘ 0.1 0.1 0.1 
Dendritic cells > 10 > 10 a 
Release of intracellular Ca?*9 on 
Monocytes 0.5 >5 5 
Neutrophils i ND ND 
Eosinophils > 300 10 1 
Basophils < 30 < 100 <50 
NK cells (+ IL-2) 10 ND ND 
Cloned T cells‘ 0.05 5 0.5 
Dendritic cells >10 ND < 10 
Additional activities on monocytes 
Respiratory burst induction 16 ND ND 
Enhanced release of 
AA 1 >5 5 
N-Acetyl B-glucosaminidase 1 3 1 
Gelatinase B + + + 
Tumor growth inhibition’ T ND ND 
Additional activities on basophils 
Untreated cells: histamine release 10 100 10 
IL-3-primed cells 
LTC, release’ 1-3 30 10 
Histamine release 1 30 3 


2 The maximal chemotactic response with MCP-3 on neutrophils is weak and at least 10 times lower than the response with 


IL-8 (Xu et al., 1995). 


> Chemotaxis through fibronectin-coated membranes (Taub et al., 1995b). 


° Large differences in the minimal effective dose (0.1-10 nm) 
were found between distinct donors (Taub et al., 1995b). 
“ ND, not determined. 


for NK cell chemotaxis through fibronectin-coated membranes 


° Freshly isolated peripheral blood T lymphocytes (CD4* or CD8*) (Taub et al., 1995a). 


' T cell clones (CD4* or CD8*) (Loetscher et al., 1994). 


° [Ca**], concentrations were measured on cells preloaded with a fluorescent indicator (e.g. Fura-2; Grynkiewicz et al., 1985). 
° Negative (—) or positive (+) results were described without indication of concentrations. 
' AA and LTC, release were detected by thin-layer chromatography on cells preloaded with radioactively labeled AA (Bischoff 


et al., 1992; Sozzani et al., 1994a). 


' Detected by measuring thymidine incorporation into tumor cell lines (Matsushima et al., 1989). 


Using freshly isolated T lymphocytes, MCP-1 acted as 
a potent chemoattractant for memory T cells (both CD4* 
and CD8") in a lymphocyte transendothelial migration 
assay (at 1nM MCP-1) or in Boyden chambers using 
fibronectin-coated membranes (optimal MCP-1 con- 
centration of 100 pm) (Carr et al., 1994: Taub et al., 
1995a). MCP-1 (optimal concentration 10 nM) was also 
chemotactic for cloned CD4* and CD8* T cells. An 
increase in [Ca**], was detected in these T cell clones from 
50 pM upward (Loetscher et al., 1994). Finally, MCP-1 
(3-6 nM) was chemotactic for and enhanced the [ Gakalain 
IL-2-activated natural killer (NK) cells (Allavena et al., 


1994) but was inactive on dendritic cells (Sozzani et al., 
1995). MCP-1 was as potent as RANTES and MIP-1B in 
inducing NK cell chemotaxis but less potent than ylP-10 
and MIP-la (Taub et al., 1995b). MCP-1, at low 
nanomolar concentrations, was able to enhance NK cell 
cytolysis of tumor cells and induced NK cell 
degranulation. The sensitivity of NK cells to MCP-1- 
induced chemotaxis was dependent on the donor, on the 
coating technique used, and on the NK cell purification 
method. When NK cells had been incubated at 37°C 
during the purification, they lost their sensitivity to 
chemokine-induced chemotaxis. 
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After intradermal injection of human MCP-1 in Lewis 
rats, a marked zm vivo monocyte infiltration could be 
detected (Zachariae ef al., 1990). In, rabbits, intra- 
dermally injected MCP-1 (10-500 ng/site) also resulted 
in monocyte recruitment at the injection site (Van 
Damme et al., 1992). Subcutaneous administration of 
MCP-1 yielded a significant accumulation of human T 
lymphocytes in chimeric SCID/hu mice (Taub et al, 
1995a). 

Surprisingly, in transgenic mice overexpressing murine 
JE (murine MCP-1) in the basal layer of the epidermis, 
dendritic cells, but not monocytes, were recruited to the 
skin (Nakamura et al., 1995). This observation seems to 
be in contrast with the ¿n vitro observation that human 
MCP-1 is not chemotactic for dendritic cells. 


5.2 MCP-2 


MCP-2 induced chemotaxis of monocytes tn vitro (using 
the Boyden chamber), showing a typical bell-shaped 
curve. Maximal monocyte chemotactic index was 
reached at lmM, whereas the minimal MCP-2 
concentration for monocyte chemotaxis was 0.1 nM 
(Table 32.1). In vitro monocyte chemotaxis could be 
confirmed in vivo by intradermal injection of MCP-2 
(10-500 ng/site) into rabbits, resulting in significant 
infiltration of monocytes into the rabbit skin after 18 h 
(Van Damme et al., 1992). Natural or synthetic MCP-2 
was not able to attract neutrophil granulocytes zn vitro at 
concentrations up to 100 nM, whereas IL-8 was active 
from 0.1 nM upward (Van Damme et al., 1992; Proost et 
al., 1995). MCP-2 could also activate monocytes but not 
neutrophils to secrete gelatinase activity as determined by 
SDS-PAGE zymography (Opdenakker et a/., 1993). In 
contrast to other C-C chemokines (e.g., MCP-1 and 
MCP-3), MCP-2 was not able to induce an increase in 
[Ca**], or an AA release on monocytes in suspension 
(Sozzani et al., 1994a,b). However, when adherent 
monocytes were studied at the single cell level, 40% of 
the cells responded to 1 nM of MCP-2 (0.1 pM for MCP- 
1) with an increased [Cat]; (Bizzarri et al., 1995). 
Recently, other leukocytes have also been shown to be 
responsive to MCP-2. Like other C-C chemokines (e.g., 
MCP-3, MIP-1a), MCP-2 was found to be chemotactic 
for basophils (from 10 nM upward). MCP-2 at 100 nm 
was also able to induce enhanced, Ca**-dependent 
histamine secretion from human basophils. No effect 
could be detected on mouse peritoneal mast cells (Alam 
et al., 1994). MCP-2 induced im vitro chemotaxis of 
eosinophils from 3 nM upward, but was less potent than 
RANTES (Noso et al., 1994). Significant chemotaxis of 
freshly isolated CD4* and CD8* T lymphocytes (through 
fibronectin-precoated membranes) was detected with 
MCP-2 at 10pm. This MCP-2-induced T cell 
chemotaxis could be inhibited with a polyclonal rabbit 
anti-human MCP-2 antiserum (Taub et al, 1995a). 


Chemotactic activity (minimal MCP-2 concentration of 
10-100 pM) for T cell clones was also detected (Table 
32.1). An MCP-2-induced increase in [Ca**], could only 
be detected from 5 nM upward, while MCP-1 was already 
active at 50 pM (Loetscher et al., 1994). MCP-2 was 
found to be equally chemotactic as MCP-1 for IL-2- 
activated NK cells (Allavena et al., 1994), but was not 
active on dendritic cells (Sozzani et al., 1995). 


5.3 MCP-3 


MCP-3 was first described as a monocyte chemotactic 
and activating protein without effect on neutrophils (Van 
Damme er Al, 1992; Opdenakker a al 12S E 
minimal (0.1 nM) and optimal (1 nM) concentrations of 
MCP-3 were comparable to those of MCP-1 and MCP- 
2 (Table 32.1). In addition, incubation of monocytes 
with MCP-3 induced an increase in [Ca**],, the release of 
AA and N-acetyl-B-D-glucosaminidase (Sozzani et al., 
1994a,b; Uguccioni et al., 1995). In vitro monocyte 
chemotaxis was confirmed im vive by intradermal 
injection of natural human MCP-3 (50-500 ng/site) 
into rabbits. After 18 h, monocyte infiltration could be 
detected into rabbit skin (Van Damme et al., 1992). 

Synthetic (Proost et al., 1995) as well as recombinant 
(Minty et al., 1993) MCP-3 were found to be potent 
(minimal effective concentration of 3 nM) chemotactic 
proteins for eosinophil and basophil granulocytes (Table 
32.1). MCP-3 also induced an increase in [Ca**], in these 
cells (Alam et al., 1994; Dahinden et al., 1994; Noso et 
al., 1994). MCP-3 caused an enhanced histamine release 
from both unprimed and IL-3-treated basophils and 
induced the release of LTC, from 1L-3-treated basophil 
granulocytes (Alam et al., 1994; Dahinden et al., 1994). 
Recently, a weak neutrophil chemotactic response 
(maximal chemotactic index of 2.0) has been detected 
with 1-10 nM MCP-3 (Xu et al., 1995). 

MCP-3 was reported to attract peripheral blood human 
T lymphocytes (both CD4* and CD8") in Boyden 
chambers using low concentrations (10 pM) of chemo- 
attractants (Taub ef al., 1995a), The minimal MORS 
concentration resulting in chemotactic activity for cloned 
T cells was 10-l100pm (Table 32.1). Lymphocyte 
chemotaxis was confirmed in transendothelial assays for 
both CD4* and CD8* T cells (Roth eral., 1995). An 
increase in [Ca’*], could be detected from 500 pM upward 
(Loetscher et al., 1994). 1L-2-activated (but not resting) 
natural killer (NK) cells were attracted by MCP-3 at 
concentrations between 3 and 20 nM (Allavena et al, 
1994). Like MIP-la@ and RANTES, but in contrast to 
MCP-1, MCP-2, IL-8, and ylIP-10, MCP-3 was a potent 
chemotactic agent for dendritic cells (Sozzani et æl., 
1995). MCP-3 at 1 nM resulted in significant dendritic cell 
chemotaxis, and a maximal chemotactic response was 
obtained at 5 nM. At chemotactic concentrations, MCP-3 
elicited an enhanced [Ca], in dendritic cells. 
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In conclusion, MCP-1, MCP-2 and MCP-3, 
originally described as monocyte chemotactic proteins, 
were also found to be active on other leukocytes. 
However, mononuclear cells remained the most 
responsive (lowest minimal concentration) cell types. 
Although the three proteins are structurally (primary 
sequence) highly related, in addition to common 
properties, clear differences in biological activities, active 
concentrations, and target cells have been observed 
(Table 32.1). MCP-3 has been characterized as a 
pluripotent chemokine with high specific activity for 
most leukocyte cell types. 


6. MCP Receptors 


Several C-C chemokine receptors (CCR-1 to CCR-5) 
have been cloned. Their cDNAs encode proteins of 
about 360 amino acids (aa) with 45-75% amino acid 
identity. Similarly to both IL-8 receptors, C-C 
chemokine receptors (CCR) are G protein-linked seven- 
transmembrane-spanning receptors with an extracellular 
amino-terminus and an intracellular carboxy-terminal 
domain. The seven-transmembrane a-helices each 
contain about 25 amino acids which are interconnected 
through short (10-20-aa) intra- and extracellular loops. 
The amino-terminus (40-50 amino acids) together with 
the extracellular loops and possibly also the 
transmembrane domains of the receptors determine the 
ligand specificity. The carboxyterminus (+ 50 amino 
acids) of most CCRs is important for G-protein- 
receptor interaction and receptor desensitization 
through phosphorylation (reviewed in Wells et al 
1996). MCP-1, MCP-2, and MCP-3 binding to these 
receptors as well as the expression of the receptors on 
different leukocytes has been deciphered only partially 
(Figure 32.4). 

Four receptors were found to be expressed on 
monocytes. MCP-3, similarly to the earlier-identified 
ligands MIP-la and RANTES, was found to be a 
functional ligand for CCR-1 (Figure 32.4). In contrast, 
MCP-1 was identified as a weak ligand for this receptor 
and could not compete for MCP-3 binding (Gao et ai. 
1993; Neote et al., 1993; Combadiere et al., 1995b; 
Ben-Baruch et al., 1995b). Both spliced variants of CCR- 
2 were originally described as MCP-1-specific receptors 
(Charo et al., 1994). Recently, also MCP-3 and MCP-2 
were found to be functional ligands for this receptor 
(Combadiere et al., 1995b; Franci et al., 1995; Gong et 
al., 1997). Competition of MCP-3 for !°]-MCP-] 
binding to recombinant CCR-2 on transfected HEK-293 
cells (human embryonic kidney cells) was 35-fold less 
effective than with cold MCP-1. MCP-1 was able to 
block a subsequent MCP-3-induced enhanced fen ik 
However, MCP-3 had no significant effect on MCP-]- 
induced increases of the [Ca’*], through CCR-2. This is 





Figure 32.4 C-C chemokine—receptor interactions. 
Schematic representation of the expression of C-C 
chemokine receptors (CCRs) on monocytes and 
eosinophilic and basophilic granulocytes. The 
interaction of chemokines with the CCRs is indicated by 
arrows (Horuk, 1994; Murphy 1994; Ben-Baruch et al., 
1995a,b; Combadiere et al., 1995a,b; Franci et al., 1995; 
Power et al., 1995). 


in contrast to the results on monocytes, in which MCP- 
3, but not MCP-2, competed as effectively as cold MCP- 
1 for °1-MCP-1 binding to the MCP-1 receptors 
(Sozzani et al., 1994b). ln addition, although MCP-2 
bound well to CCR-2 transfected cells, MCP-2 only 
poorly competed for radioactive MCP-] binding (Gong 
et al., 1997; Yamagami et al., 1997). Thus, MCP-2, 
compared to MCP-1, differently interacts with CCR-2. 
MCP-1 has also been shown to interact weakly with 
GCR-4, which is a CCR expressed on monocytes and 
lymphocytes (Power et al, 1995). CCR-5 signaled 
through MIP-la, MIP-18, and RANTES binding 
(Combadiere et al., 1995a; Samson et al., 1996). 

In basophils, MCP-1 and MCP-3 induced an increase 
in the [Ca**]. and a histamine release through G- 
protein-coupled receptors (Alam et al., 1992a,b, 1994: 
Bischoff et al., 1993; Dahinden et al., 1994). Histamine 
release from basophils could only be obtained in the 
presence of extracellular Ca” (Alam et al., 1994). Ca% 
seemed to be essential for activation of basophils and 
therefore it was not surprising that MCP-2 was only a 
weak chemotactic and activating chemokine for 
basophils. Basophils might have one common MCP-]- 
and MCP-3- but not an MCP-2-specific receptor. The 
MCP-1/MCP-3 receptor(s) might be activated at high 
MCP-2 concentrations. The first identified CCR on 
activated basophils was CCR-4 (Power et al., 1995). 
Since MCP-3 was such a strong chemotactic and 
activating chemokine for basophils, it will certainly be 
interesting to investigate whether this receptor signals 
through MCP-3 in addition to MCP-1, MIP-la, and 
RANTES. 
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In contrast to MCP-2 and MCP-3, MCP-1 was not 
active on eosinophilic granulocytes. In addition, 
pretreatment of eosinophils with natural MCP-1 had no 
effect on subsequent stimulation with MCP-2 or MCP- 
3. The difference between MCP-1] and MCP-3 with 
respect to eosinophil chemotaxis and activation might 
be explained by the different expression patterns of 
CCR-1 and CCR-2 on eosinophils. CCR-2 mRNA was, 
im contrast to CCR-I mRNA, not detected on 
eosinophils and MCP-1 is only a weak activator of 
CCR-1. Stimulation of eosinophils with MCP-2 and 
MCP-3 reduced chemotactic activity in response to 
RANTES and vice versa. In addition, MCP-3 
stimulation reduced the chemotactic response to MCP- 
2 (Noso et al, 1994). This suggests that, on 
eosinophils, MCP-2 and MCP-3 share a common 
receptor and/or signal transduction pathway(s) with 
RANTES. MCP-1 and MCP-3 desensitization 
experiments with MIP-la and RANTES were evaluated 
by measuring changes in [Ca]; (Dahinden et al., 
1994). RANTES-pretreatment inhibited the enhanced 
[Ca’*], induced with MCP-3 and MIP-la. MCP-3 only 
partially desensitized for both the MIP-la@ and 
RANTES effects and MIP-la hardly desensitized for 
RANTES or MCP-3. A combination of MCP-3 and 
MIP-1a@ was able to prevent completely the RANTES- 
induced increase in [Ca**],. Thus, on eosinophils, there 
is a RANTES receptor activated by RANTES and MCP- 
3, but not by MIP-la, and an MIP-l& receptor 
(probably CCR-1) activated by MIP-la, RANTES, and 
more weakly by MCP-3 (Figure 32.4). CCR-3 is an 
eosinophil-specific receptor, which has been identified as 
the receptor for a powerful eosinophil chemotactic C-C 
chemokine, eotaxin (Kitaura et al., 1996). Recently, also 
RANTES and MCP-3 binding to CCR-3 has been 
reported (Daugherty et al., 1996). 

MCP-1, MCP-3 and, at high concentrations, also 
MCP-2, induced enhanced [Ca]; in cloned T 
lymphocytes. An increase in the [Ca’*],, in response to 
MCP-2 and MCP-3, was inhibited after prestimulation 
with MCP-1. Pretreatment with MCP-3 resulted in a 
complete and partial inhibition of the enhanced [Ca”*], 
induced by MCP-2 and MCP-I, respectively. MCP-2 
reduced the response to MCP-3, but had little effect on 
MCP-1-induced [Ca**], increase. Thus, T cells (both 
CDA sand CWS) seem to beareiCP- l receptors 
(probably CCR-2), that are also recognized by MCP-3, 
and by MCP-2 with lower affinity (Loetscher et al., 
1994). 


7. Signal Transduction Pathways 


The signaling pathway for MCP-1 in monocytes differs 
from the one used by FMLP (N-formyl-methionyl- 
leucyl-phenylalanine), C5a, PAF (platelet-activating 
factor), and leukotriene B, (LTB,). [Ca]; increase and 


chemotactic activation of mononuclear cells in response 
to MCP-1 and MCP-3 could be inhibited by pertussis 
toxin (PT), whereas cholera toxin (CT) had little or no 
effect. In contrast, MCP-2-induced chemotaxis was only 
slightly affected by PT treatment but was sensitive to CT. 
In addition, at chemotactic concentrations, MCP-2 was 
not able to induce an enhanced [Ca”*], in monocytes. 
About 100 times higher amounts of MCP-2, compared 
to MCP-1 and MCP-3, were necessary to give a 
comparable increase in the [Ca**], in monocytes (Sozzani 
et al., 1991, 1994b; Bizzarri et al., 1995). MCP-1 and 
MCP-3 activation of CCR-2B-transfected HEK-293 
cells inhibited adenylylcyclase activity (cAMP generation) 
with an IC. of 67 pM. MCP-2 showed a minor effect at 
100 times higher concentrations and failed to inhibit 50% 
of adenylylcyclase activity at concentrations up to 20 nM 
(Franci et al., 1995). MCP-1 and MCP-3 thus differ 
from MCP-2 in signaling pathways. 

In the absence of extracellular Ca** and in the presence 
of EGTA or Ni”, the [Ca]; increase, induced by MCP- 
I or by MCP-3, was prevented, indicating that the rise in 
[Ca’*], is predominantly dependent on the influx of 
extracellular Ca** through plasma membrane channels 
(Sozzani et al., 1991, 1994b). Depolarization with KCl 
had no effect on [Ca’*], in unstimulated monocytes and 
voltage-operated Ca**-channels were not used after 
MCP-1 stimulation. General Ca’*-channel blockers 
however, diminished the [Ca**], increase induced with 
MCP-1, suggesting the use of receptor-activated Ca*- 
channels (Sozzani et al., 1993). At the single cell level, 
blocking of the influx of Ca” into the monocyte (with 
Ni” or EGTA) resulted in only a partial inhibition of the 
MCP-1-induced increase in [Ca’*],. The induction of an 
enhanced [Ca”*]. was only prevented when Ca” channels 
were blocked, intracellular Ca** stores were emptied, and 
Ca** reuptake was inhibited (with thapsigargin) before 
the addition of MCP-1 (Bizzarri et al., 1995). 

In monocytes, MCP-I and MCP-3, but not MCP-2, 
induced an enhanced release of AA _ from 
phosphatidylcholine (PC). Combined treatment with 
PAF and MCP-1 (or MCP-3) resulted in a synergistic 
effect. If AA release is involved in the chemotactic 
response of monocytes, this transduction pathway is 
important for some (MCP-1 and MCP-3) but not all 
(MCP-2) MCPs (Locati et al., 1994, Sozzani et al., 
1994a,b). The MCP-1l-induced release of AA was 
strongly decreased by PT and inhibitors of phospholipase 
A, (PLA,) (mepacrine, manoalide, and dexamethasone). 
Increase in [Ca^], was required for AA release but a PT- 
sensitive step, other than activation of Ca% influx, was 
also necessary for the activation of PLA, by MCP-1 
(Locati et al., 1994). When the [Ca**], increase or PLA, 
activity was inhibited, monocyte chemotaxis in response 
to MCP-1 decreased. Inhibitors of PLA, also inhibited 
monocyte polarization, indicating that PLA, plays an 
important role in signal transduction (Sozzani et al., 
1993; Locati et al., 1994). 
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Phospholipase C (PLC)-dependent signal trans- 
duction pathways are not expected since the release of 
Ca” from intracellular stores was hardly detectable and 
no inositol trisphosphate (1P,) production or turnover of 
phosphatidylinositol biphosphate (P1P,), was observed 
after stimulation of monocytes with MCP-1. Neither 
cAMP-dependent protein kinases nor PKC are thought 
to be directly involved in the induction of [Ca’*], increase 
by MCP-1. However, PKC may have a role in the control 
of [Ca**], homeostasis in monocytes by inhibiting the 
MCP-1-induced [Ca**]; increase (Sozzani et al., 1993), 
PKC and cAMP-dependent kinase inhibitors caused 
inhibition of MCP-1]-induced chemotaxis. Specific 
inhibitors for cGMP-dependent kinase and for myosin L- 
chain kinase had no effect on MCP-1-induced migration, 
This suggests that a serine/threonine kinase, possibly 
PKC, is involved in signaling by MCP-1 (Sozzani et al., 
1991). Serine/threonine or tyrosine kinase inhibitors 
caused an inhibition of chemotactic activity for MCP-1, 
MCP-2, and MCP-3. This demonstrates that protein 
kinase activation is a common pathway in the action of 
MCP-1, MCP-2 and MCP-3 (Sozzani et al., 1994b). 

In basophils, MCP-1 induced [Ca’*], increase through 
G-protein-coupled receptors, as do other chemokines 
(Bischoff et al., 1992). In CD4* and CD8* cloned T 
lymphocytes, MCP-1, MCP-3 and, at higher 
concentrations, also MCP-2 induced an increase in 
[Ca**], that could be inhibited by PT (Loetscher et al., 
1994). 


5. Murine MCPs 


Murine JE mRNA was discovered in 1983 as a PDGE- 
inducible early competence gene (Cochran et al., 1933). 
The cDNA encoded a protein of 148 amino acids with a 
23-aa long signal sequence. Murine JE is generally 
considered to be the homologue of human MCP-1. The 
intron and exon boundaries were located at the same site 
in murine and human JE/MCP-1 (Rollins et al., 1988) 
and the gene was found in the C-C chemokine gene 
cluster on mouse chromosome 11 (Wilson et al., 1990). 
In the amino-terminal part of murine JE, 55% of the 
amino acids, including an amino-terminal pyroglutamic 
acid, were identical in the human MCP-1 sequence and 
53% of the amino acids were shared with human MCP-2 
and MCP-3. The amino-terminal part of the protein was 
detected to be responsible for the chemotactic activity 
(Van Damme eż al, 1991; Ernst et al., 1994). In 
addition, JE contained a long serine- and threonine-rich 
carboxy-terminal tail of 49 residues which may be heavily 
O-glycosylated. Natural, biologically active JE had an 
apparent molecular mass on SDS-PAGE of 7-30 kDa 
(Van Damme et al., 1991; Luo et al., lve, Live? al. 
1996). Carboxy-terminal truncation and/or glycosyla- 
tion explained these large differences in molecular mass. 


Using the human MCP-3 cDNA, the homologous 
murine cDNA has been identified from an CRS- 
stimulated macrophage cell line. The deduced protein 
sequence of murine MCP-3 showed 55% and 59% amino 
acid homology with human MCP-1 and human MCP-3, 
respectively, and contained 74 amino acids (Thirion et 
al., 1994). The murine MCP-3 cDNA was almost 
identical to two other murine cDNA clones, MARC and 
fic. MARC was isolated from a mast cell line and the 
transcription of the gene was enhanced after IgE plus 
antigen challenge of the cells (Kulmburg et al., 1992). fic 
had been identified as a cDNA of which the transcription 
was upregulated with serum in a fibroblast cell line 
(Heinrich et al., 1993). ; 

Murine JE, like human MCP-1, possessed chemotactic 
activity for monocytes and lymphocytes but not for 
neutrophils (Van Damme et al., 1991; Luo et al., 1994: 
Liu et al., 1996). Murine JE and MCP-3 both induced 
an enhanced [Ca**], in human monocytes (Heinrich et 
al., 1993). The 7 kDa form of JE had a higher specific 
activity in 2% vitro monocyte and lymphocyte chemotaxis 
experiments than the high molecular mass form (Liu et 
alm 1996). 

JE was induced by a variety of factors including 
cytokines (IL-18, TNF-a, and PDGF) and bacterial 
(LPS) and viral (vesicular stomatitis virus, Newcastle 
disease virus, Sendai virus, dsRNA) products. Upon 
stimulation, JE was produced in tumor cell lines and in 
normal cells such as monocytes, fibroblasts, endothelial 
cells, astrocytes, and mesangial cells (reviewed in Haelens 
et al., 1996). Estrogen partially inhibited LPS-induced 
JE mRNA expression in murine macrophages (Frazier- 
Jessen and Jovacs, 1995). Thus, estrogen may work anti- 
atherogenically through the prevention of macrophage 
accumulation in atherosclerotic lesions. In animal 
models, JE suppressed tumor growth by attracting 
monocytes which infiltrated the tumor (Bottazzi et al., 
1992}: 

A murine homolog of one of the human MCP-] 
receptors, namely CCR-4, has been cloned (Hoogewerf 
et al., 1996). Murine JE/MCP-1 seemed to use the same 
signal transduction pathways as human MCP-1. Murine 
MCP-] signaled through PT-sensitive G-protein-linked 
receptors; the [Ca’*]. was enhanced through the influx of 
extracellular Ca” and JE used Tyr-kinases and p42/p44 
MAP-kinase for further signal transduction (Dubois et 
al. 1996). 

Transgenic mice that were constitutively over- 
expressing MCP-1/JE showed high (>10 ng/ml) serum 
levels of MCP-1, but no accumulation of monocytes 
was seen in different organs (Rutledge et al., 1995) 
These mice were more sensitive to bacterial infections. 
Possible explanations for this phenomenon might be 
that the high serum MCP-1 levels neutralized local 
chemotactic gradients or that the MCP-1 receptors were 


desensitized by the high systemic concentrations of 
MCP-1. 
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9 MCPs in Disease 


Sylvester and colleagues (1993) have found low MCP-1 
levels in serum from normal individuals, whereas 
significant concentrations of IgG autoantibodies against 
MCP-1 were also detected. Upon intravenous injection 
of human volunteers with LPS, MCP-I serum levels 
increased to more than 1] pg/ml within 24h and 
returned to baseline after 5 h. Although free anti-MCP- 1 
autoantibody levels decreased, no increase in MCP- 
1-lgG complexes could be detected, suggesting an 
unknown mechanism for the elimination of the 
complexes. 

Until now, most studies on the appearance of MCPs 
during diseases, in which recruitment of monocytes or 
macrophages is important, have concentrated on MCP- 
1. In 1992, Koch and colleagues had reported 
enhanced MCP-1 concentrations in synovial fluid and 
sera of RA patients compared to osteoarthritis or 
control patients (Koch et æl, 1992). Synovial 
macrophages were found to be a major source of 
MCP-1 and a positive correlation with the induction of 
IL-6, IL-8, and IL-1B8 was reported. MCP-1 was also 
detected in the synovial fluid of patients with 
osteoarthritis, gout, and traumatic - arthritis. 
lmmunoreactive protein was observed in the lining and 
sublining cells of the synovium and in the vascular 
endothelial cells of rheumatoid synovia (Koch et al., 
1992; Harigai et al, 1993). Type B (fibroblast-like) 
synoviocytes of RA patients were found to be inducible 
` for MCP-1 synthesis by TNF-a, 1L-la, 1L-1B, and 
JFN-y. IL-18-, but not TINF-a-induced MCP-1 levels, 
were further enhanced by 1L-4 and IFN-y. After 1L-la 
injection into the knee joint of rabbits, MCP-1 was 
produced locally and mononuclear cells were found to 
infiltrate the joint (Akahoshi et al., 1993; Hachicha et 
al., 1993; Seitz et al., 1994). 

MCP-1 has been detected in the bronchial epithelium 
of idiopathic pulmonary fibrosis and asthma patients 
(Antoniades et al., 1992; Sousa et al., 1994). MCP-1 was 
detected in tuberculosis effusions and it was the 
predominant chemotactic activity found during pleural 
infections. The highest MCP-1 levels were measured in 
malignant pleural effusions (Antony et al., 1993). After 
phagocytosis of Mycobacterium tuberculosis by monocytic 
cell lines, MCP-1] induction was also detected (Friedland 
Cait 3): 

Enhanced MCP-1 expression has been detected in a 
variety of inflammatory skin diseases, e.g., psoriasis, 
lichenoid dermatitis, and spongiotic dermatitis. In 
psoriasis, a strong MCP-1 mRNA signal is found above 
the dermal-epidermal junction in lesional psoriatic skin 
but not in uninvolved psoriatic or normal skin. The basal 
keratinocytes, rather than the melanocytes, were the 
major MCP-1-producing cells (Gillitzer et al., 1993; Yu 
et al., 1994). Recently, enhanced MCP-3 and RANTES 
mRNA has been detected in allergen-challenged skin of 


human atopic subjects (Ying et al., 1995). MCP-3 (peak 
after 6h) and RANTES (peak after 24h) mRNA 
enhancement paralleled the kinetics of eosinophil and T 
cell infiltration, respectively. These results suggest a role 
for MCP-3 in eosinophil recruitment 27 vivo. 

Elevated expression of MCP-1 was also detected 
during periodontal infections (Hanazawa et al., 1993; 
Tonetti et al., 1994). In human inflamed gingival tissues, 
enhanced MCP-1 mRNA and protein levels were found 
in endothelial cells and macrophages (Yu et al., 1993). 

MCP-1 was strongly expressed in cells in the 
macrophage-rich regions of human atherosclerotic 
lesions (Yla-Herttuala et al., 1991). Interestingly, human 
aortic cell cultures produced MCP-] after induction with 
low-density lipoprotein, an effect which was abolished by 
high-density lipoprotein and antioxidants and almost 
completely prevented by leumedin (Navab et al., 1991, 
1225) 

Monocyte infiltration in the central nervous system 
could also be due to MCP-1 production. MCP-1 has 
been recovered from glioma cell lines and from surgical 
specimens of human malignant glioblastomas and 
ependymomas (Takeshima et al., 1994; Desbaillets et al., 
1994) and during experimental autoimmune 
encephalomyelitis (EAE; Hulkower et æl, 1993; 
Ransohoff et al., 1993). In autoimmune diseases, 
chemokines can play a pivotal role. MCPs recruit 
macrophages (antigen-presenting cells) and lymphocytes 
to the primary focus and stimulate the production of 
extracellular proteases which contribute to the 
autoimmune process (Opdenakker and Van Damme, 
1994). 

In livers from patients with chronic acute hepatitis or 
fulminant hepatic failure, enhanced MCP-1 levels were 
measured (Marra et al., 1993; Czaja et al., 1994). 
Recently, MCP-1 and MCP-2 levels were found to be 
elevated in serum of sepsis patients (Bossink et al., 1995). 
Elevated MCP-1 levels were detected during Gram- 
positive and Gram-negative infection. 

Macrophages can be attracted to tumors by their 
production of MCPs. These tumor-associated 
macrophages can be activated by MCPs to inhibit tumor 
growth (Mantovani et al., 1992). The role of these 
chemotactic factors in invasion and metastasis can also be 
explained by the countercurrent principle (Opdenakker 
and Van Damme, 1992). The production of chemotactic 
cytokines by cancer cells could function as a mechanism 
which guarantees directional migration of malignant cells 
towards the blood vessels or lymphatics. Thus it was 
found that expression of 1L-8 correlates with the 
metastatic potential of melanoma cells (Singh et al, 
1994). The production of MCPs by allogeneic or 
syngeneic cancer cells seems to suppress cancer cell 
growth and metastatic potential zu vzvo. ln these cases, 
however, antigenic stimuli (allogeneic or from tumor 
antigens) might contribute to these effects (Matsushima 
et al., 1989; Huang et al., 1994). 
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l. Introduction 


The cytokine and growth factor GRO/MGSA is a 
member of a family of cytokines and growth factors 
originally associated with either immortal growth of 
fibroblasts (Anisowicz et al., 1987) or malignant and 
benign nevus cells expressing chromosomal abnormalities 
(Richmond et al., 1983). It is interesting that, unlike 
most of the other members of the C-X-C family of 
cytokines (Baggiolini et al., 1994), GRO and its synonym 
melanoma growth-stimulatory activity (MGSA) were the 
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only factors cloned based upon selective expression in 
malignant cells or through a growth-stimulatory assay, 
and it was not initially recognized that these apparently 
distinct factors had pro-inflammatory properties (Sager et 
al., 1991). Furthermore and unexpectedly, it was only 
after the cloning of GRO (Anisowicz et al., 1987) and 
MGSA (Richmond et al., 1988) that the identity of these 
factors was uncovered. 

MGSA was initially characterized as an activity found in 
the culture supernatant of the Hs294T human malignant 
melanoma cell line (Richmond et al., 1983). The strong 
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association of this growth stimulatory activity with 
approximately 70% of primary melanoma cell lines and its 
absence from benign nevus lines free of overt 
chromosomal abnormalities suggested that dysregulation 
of MGSA expression was an important step in 
autonomous growth of these tumors. cDNA clones of 
MGSA were obtained from a knowledge of the N- 
terminal amino acid sequence of highly purified material 
(Richmond et al., 1988; Thomas and Richmond 
1988a,b). Sequence analysis identified a protein with a 
high degree of sequence conservation with several 
proteins including B-thromboglobulin (B-TG) and 
platelet factor 4 (PF,) (Castor et al., 1983: Holt et al., 
1986), which, unlike MGSA, were known to be associated 
cither with connective-tissue regulation or inflammation. 

GRO, on the other hand, was cloned by subtractive 
hybridization techniques (Anisowicz et al., 1257). 
Sager’s group postulated that genes differentially 
expressed in the CHEF/16 transformed fibroblast line 
might be associated with the malignant phenotype 
expressed in these but not the CHEF-18 line, which was 
nontumorigencic although derived from the same 
embryo. Utilizing the Chinese hamster cDNA, a similar 
human gene was quickly identified. Formal identification 
that GRO or the hamster equivalent was responsible for 
the malignant property of the CHEF-16 line has not 
been reported. 

Subsequently, in spite of the early chromosomal 
identification data which was interpreted as 
GRO/MGSA representing a single gene (Anisowicz et 
al., 1987; Richmond et al., 1988; Sakaguchi et al., 
1989), several groups succeeded in isolating cDNA 
clones representing additional genes; GRO VA MGSAB'and 
y (Haskill et al., 1990; lida and Grotendorst, 1990; 
Tekamp-Olson et al., 1990). While the three genes 
clearly are distinct, showing selective tissue expression, 
they are 90 and 86% homologous at the protein level. 
While malignant cell lines were the source of the original 
isolates of GRO/MGSA, the additional genes were 
identified from myeloid cells. Direct isolation was 
accomplished by differential screening of a monocyte 
adherence library (Haskill et 24, 1990). The other 
groups utilized murine probes of the KC gene (lida and 
Grotendorst, 1990) or of the MIP-2 gene (Tekamp- 
Olson et al., 1990) to isolate additional GRO/MGSA 
members based on the approximately 60% homology 
between these distinct murine genes and the 
GRO/MGSA family. lt was thus established that 
melanoma cells, fibroblasts, various epithelial cells, as well 
as monocytes and neutrophils either constitutively or 
immediately following a cytokine stimulus, express high 
levels of GRO/MGSA transcripts. 1t will be the purpose 
of this review to assimilate the data from these diverse 
arenas to come to see how these closely related gene 
products are differentially regulated in different cell 
lineages and what selective roles they play in 
inflammation, tissue repair, and cancer. To simplify 


nomenclature and to accept the more common name, 
subsequent discussion will refer to GROa, GROB and 
GROy rather than the MGSA names. 

The following discussion will review the limited 
knowledge of GRO expression and function. The paucity 
of information on GRO is perhaps a result of the 
profusion of cytokines with somewhat similar activities 
and the emphasis that has been placed on 1L-8 by so 
much of the immunological community. As we will see 
during the following discussion, it is clear that while 1L- 
8 and GRO share overlapping activities and indeed 
receptors, they have evolved to have complementary and 
distinct activities and. are, in part, responsive to distinct 
signaling events. The interested reader could also consult 
the review on GRO/MGSA by Horuk (1996). 


2. The Cytokine Gene 


2.1 GENE SEQUENCE 


The exons of the GRO/MGSA gene family are organized 
in a very similar pattern to those of the other C-X-C 
members of the chemokine family’ (Baggiolini et al., 
1994), differing from PF, and B-TG/NAP-2 in having 
four rather than three exons. Differences between the 
three GRO genes are slight (Figure 53.1). All three 
members have TATA boxes, and the leader sequence is 
encoded almost solely within the first exon. The most 
striking feature of the three genes is the high proportion of 
AITTA motifs found within the 3’ untranslated regions. 
As will be discussed later, the presence of varying numbers 
of these repeats which appear to be associated with mRNA 
instability is likely to be important in differential 
regulation of gene expression between the three GROs. 
GROB in particular has 11 repeats, six of them within a 
single stretch. GROy has six and GROaw five ATTTA 
repeats ( Haskill et al., 1990). Only GROw appears to have 
more than one transcript size; this depends upon the cell 
and stimulus and appears to be related to aspects of mRNA 
stability (Anisowicz et al., 1988; Wen et al. 12897 
Stoeckle, 1991, 1992; Stoeckle and Guan, 1993; Shattuck 
et al., 1994) and is discussed below. The close homology 
between the three GRO forms makes expression studies 
based upon northern transfer analysis extremely difficult, 
if not impossible. Although several reports have described 
studies related to GROB expression, they often employed 
the GROB cDNA as probe, which cannot distinguish 
between species. Specific primers employed in PCR or as 
northern probes (Shattuck et al., 1994) are required to 
specify individual species (Haskill et a., 1990; Cuenca et 
al., 1992) 


2.2 GENE STRUCTURE 


All of the GRO genes show a similar organization to each 
other and some but not all members of the C-X-C family 


GRO/MGSA 


GQ ICCe@aCCTCICAGGTGGT .ATCT......... TCAGCGCAGGCTGCCACTCAGCCCCCCT 
B CGCCTCCTCGCAGGCGGTTATCTcggtatctcTGAGAGC.GGCGGGCTCTCG....C..T 
Y ECCCCCCICACAGGCTIGL. ATICI.. s reses TCAGCGA .GGTGGACTCACTGCCTC. .T 
œa CCAGGGATCTGG....GGCAGAAGGCGAATATCCCAGAGTCTCAGAGTCCACAGGAGTTA 
B CCCGCTCCAGGGattcGGGGCAGAAAGAG...... AACATCCCACAGTTGGCGGGAGTTA 
y CCAGGAATTTGG....GGCAGAAAATGAATATCCCAAAGTCCCAGAGTGCACGGGGGTTA 
a CTCTGAAGGGCGAGCCGCGGGCTGCATCAGTGGACCCCCACACCCCACCCGCACCCCAAG 
B CGCAAGACAGTCAGACCCGGACGTCACTCGTGAG.TGCC....CCGACCC....CC.... 
vy CICTGGAGGGCGAGGCGTAGGCGTCACCAGTGGGCTCCC. ... CCTACCCGTATCCGA. . 
a CGCTCCACCCTGGGGGCGGGGCCGTCGCCTTCCTTCCGGACTCGGGATCGATCTGGAACT 
B . -CTCCACCCCAGAGGCGGGGCCATCGCCTTCCTTCCGAACTCGGGATCGATCTGGAGCT 
y . -CICCACCCEGGGGGCGGG . CCGTCGCCTTC . TTCGGGACTCCGGATCGATCTGGAGCT 
a  CCGGGAATTTCCCTGGCCCGGGGGCTCCGCCCTTTCCAGCCCCAACCATGCATAAAAGGG 
B  CCGGGAATTTCCCTGGCCCGGGA.CTCCGG.CTTTCCAGCCCCAACCATGCATAAAAGGG 
y CCGGGAATTTCCCTGGCCCGGCCGCTCCGGGCTTTCCAGTCTCAACCATGCATAAAAAGG 
a GTTCGCGGATCTCGGAGAGCCACAGAGCCCGGGCCGCAGGCACCTCCTCGCCAGCTCTTC 
B GTTCGCCGTTCTCGGAGAGCCACAGAGCCCGGGCCACAGGCAGCTCCTTGCCAGCTCTCC 
y GTTCGCCGATCTTGGGGAGCCACACAGCCCGGGTCGCAGGCACCTCCC . GCCAGCTCTCC 
œ CGCTCCTCTCACAGCCGCCAGACCCGCCTGCTGAGCCCCATGGCCCGCGCTGCTCTCTCC 
B . . . TCCTCGCACAGCCGCTCGAACCGCCTGCTGAGCCCCATGGCCCGCGCCACGCTCTCC 
y  CGCTTCTCGCACAGCTTCCCGACGCGTCTGCTGAGCCCCATGGCCCACGCCACGCTCTCC 
œ GCCGCCCCCAGCAATCCCCGGCTCCTGCGAGTGGCACTGCTGCTCCTGCTCCTGGTAGCC 
B GCCGCCCCCAGCAATCCCCGGCTCCTGCGGGTGGCGCTGCTGCTCCTGCTCCTGGTGGCC 
y GCCGCCCCCAGCAATCCCCGGCTCCTGCGGGTGGCGCTGCTGCTCCTGCTCCTGGTGGGC 
a  GCTGGCCGGCGCGCAGCAGGAGCGTCCGTGGCCACTGAACTGCGCTGCCAGTGCTTGCAG 
B GCCAGCCGGCGCGCAGCAGGAGCGCCCCTGGCCACTGAACTGCGCTGCCAGTGCTTGCAG 
y . . . AGCCGGCGCGCAGCAGGAGCGTCCGTGGTCACTGAACTGCGCTGCCAGTGCTTGCAG 
œa ACCCTGCAGGGAATTCACCCCAAGAACATCCAAAGTGTGAACGTGAAGTCCCCCGGACCC 
B ACCCTGCAGGGAATTCACCTCAAGAACATCCAAAGTGTGAAGGTGAAGTCCCCCGGACCC 
Yy ACCCTGCAGGGAATTCACCTCAAGAACATCCAAAGTGTGAATGTAAGGTCCCCCGGACCC 
œ CACTGCGCCCAAACCGAAGTCATAGCCACACTCAAGAATGGGCGGAAAGCTTGCCTCAAT 
B CACTGCGCCCAAACCGAAGTCATAGCCACACTCAAGAATGGGCAGAAAGCTTGCCTCAAC 
Yy CACTGCGCCCAAACCGAAGTCATAGCCACACTCAAGAATGGGAAGAAAGCTTGTCTCAAC 
a CCTGCATCCCCCATAGTTAAGAAAATCATCGAAAAGATGCTGAACAGTGACAAATCCAAC 
B CCCGCATCGCCCATGGTTAAGAAAATCATCGAAAAGATGCTGAAAAATGGCAAATCCAAC 
y CCCGCATCCCCCATGGTTCAGAAAATCATCGAAAAGATACTGAACAAGGGGAGCACCAAC 
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Figure 33.1 Nucelotide sequences of the GROa, GROB, and GROy genes. 


of chemokines (Baggiolini et al., 1994) (see Figure 
33.2). For GROa, ß, and y, IL-8, and IP10, this includes 
four exons with the leader sequence predominantly in the 
first exon and the C-terminal 3-5 amino acids added 
from the fourth exon. It is this fourth exon which 
contains the highest number of amino acid differences 
between the three GRO gene products. All of the GRO, 
IL-8, and IP-10 genes are located closely on human 
chromosome 4q12-21 (Anisowicz et al, 1988; 
Richmond et al., 1988; Baggiolini et al., 1994). The 80% 
or greater nucleotide sequence homology between the 
GRO genes and their close chromosomal location 
implies that they may have arisen through gene 
duplication. 


2.3 TRANSCRIPTIONAL REGULATION 


The role of specific transcription factors and the import- 
ance of transcript stabilization in the regulation of gene 
expression is currently under investigation. Early reports 
(Anisowicz et al., 1991) suggested a high degree of 
similarity between the three GRO gene proximal 
promoters, particularly the -136 bp region. All three 
genes contain a putative NFKB site, SP-1 and AP-3 
motifs (Widmer et al., 1993; Anisowicz et al., 1991). A 
TATA box is located at the expected location bp —27. 
Several groups have used transient transfection 
reporter assays to examine the NF«B site in GRO. 
The NF«B site appears to be important in 1L-1$ and 
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Figure 33.2 Genomic organization of the GRO«a, GROB, and GRO, genes. 





Sequenced or subcloned, 


; not available, — 


known ("S-X}. Intron sizes (bp): intron 1, œ 98, B 95, y 96; intron 2, a 113, B 118; intron 3, œ 531, B 826. 


Restriction enzyme sites: E = EcoRI; K = Kpnl; B = BamHI: 


TNF-2-stimulated fibroblast activation (Anisowicz et al., 
1991) and 1L-1§ stimulation of the A375-C6 melanoma 
cell line (Joshi-Barve et al, 1993) as well as lipo- 
polysaccharide (LPS) stimulation of the RAW 264.7 
murine macrophage cell line (Widmer et al., 1993). 
Control of gene expression appears to reside only partly 
within this proximal domain as none of the tissue 
specificity exhibited by the three GRO genes could be 
explained by such a high degree of similarity. For 
example, this is particularly true of monocytes and 
neutrophils, with neutrophils only producing a GROa 
transcript (defined by PCR) whereas monocytes 
expressed all three transcripts when stimulated by 
adherence to fibronectin but only GROB and GROy 
when exposed to phorbol ester (PMA) stimulation 
(Haskill er al., 1990). In addition, while IL-1B induces a 
10-20-fold increase in transcription in retinal pigmented 
epithelial cells (RPE), the same stimulus initiates only a 
2-fold increase in nuclear runoff activity in Hs294T cells, 
even though mRNA levels were increased 14-fold 
following IL-1 stimulation (Shattuck e¢ al., 1994). Using 
CAT constructs for promoter analysis, these authors also 
demonstrated that IL-1 stimulated similar differences in 
activity upon transfection into the respective cells. NFkB 
was shown to be required in the RPE cells, but NE«B 
failed to activate KB CAT constructs or translocate in 
Hs294T cells following IL-1] stimulation. These data 
indicate that transcription induction dependent upon 
NF«B sites may not be sufficient in all cell types. More 


recent observations in this model suggest that the 
Hs294T melanoma cells have a high basal level of 
transcription that does require NE«B elements but 
C/EPB and an additional structural high-mobility group 
protein (HMGI(Y)) are necessary in the melanoma cells. 
The HMGI(Y) protein appears to associate with an AT- 
rich region located within the NF«B element (Wood and 
A. Richmond, personal communication), 

IL-8 and GRO gene expression are often closely 
regulated (Baggiolini et al, 1994); however, promoter 
analysis indicates that there are significant differences 
between them. While IL-8 is frequently stimulated by 
PMA, GRO is not (Haskill et al., 1990; Joshi-Barve et 
al., 1993). This may, in part, be explained by the 
presence of an NF-IL-6 site in close and interacting 
proximity with the NF«B proximal site in the IL-8 gene 
(Kunsch et al., 1994). 


2.4 ‘TRANSCRIPT STABILIZATION 


Transcript expression is closely regulated via post- 
transcriptional events. In the case of the IL-1 stimulation 
of Hs264T cells, the 14-fold increase in mRNA is 
accounted for almost entirely by stabilization of the high 
levels of constitutive transcription in these cells (Shattuck 
et al., 1994). In the case of GROw and GROy, the 
increase in half-life was at least 20-fold (15 min to 6 h), 
while that of GROB, which is known to contain more 


AUUUA repeats, was increased less (1.5 h). Transcript 
heterogeneity is also a feature of GRO but not GROB 
or GROY expression. FS-2 fibroblasts express 0.9 kb and 
1.2kb transcripts on treatment with cycloheximide 
(Anisowicz et al., 1987) or TNF but not on IL-l 
stimulation (Anisowicz et al., 1991) and a similar 
observation has been made with endothelial cells (Wen et 
al., 1989). Neutrophils, however, appear to express a 
single transcript that is slightly smaller than usual (1.1 vs 
1.2 kb) (Iida and Grotendorst, 1990). The cell and the 
signal appear to play a role in transcript heterogeneity as 
Hs294T melanoma cells stimulated with IL-1 have both 
GRO«e transcripts. The origin of this heterogeneity 
appears to be degradation intermediates, involving 
shortening and elimination of the poly(A) tail, a topic 
that has been examined in some detail (Stoeckle, 1991, 
1992; Stoeckle and Guan, 1993). FS-4 fibroblasts show a 
dramatic increase in mRNA half-life following IL-1 
stimulation. In these studies it was concluded that the 
minor component at 0.9 kb represented a deadenylated 
species deleted of a 130 bp segment. The deadenylation 
reaction was sensitive to cycloheximide, suggesting that 
this was a stable intermediate in the degradation process. 
In contrast, IL-1 did not stimulate two transcripts in FS- 
2 fibroblasts while TNF-a did (Anisowicz et æl., 1991), 
indicating that this degradation intermediate is both 
signal and cell specific. 


2.5 TRANSLATIONAL REGULATION 


Translational coupling to GRO transcription has not 
been examined in any detail, thus it is difficult to 
determine if the enhanced levels of gene transcription 
actually result in significant extracellular GRO protein. In 
endothelial cells, the available data suggest that secretion 
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of GRO« is correlated with the levels of transcripts. LPS 
and IL-1, which induced the highest levels of mRNA, 
also induced the greatest amount of secreted protein. 
PMA, thrombin, and TNF stimulated low levels of both 
mRNA and protein (Wen et al., 1989). Translational 
coupling to transcription remains an area of relative 
ignorance and one which clearly requires additional 
investigation. 


3. The Protein 
3.1 


The amino acid sequences of the three GRO gene 
products are amazingly similar, with GROB being the 
most similar to GROa (90% identical), and GROyY 
showing 86% identity with GRO (Haskill et al., 1990) 
(Figure 33.3). Like all members of the C-X-C family, the 
protein has two intrachain cysteine bridges. Compared to 
GRO«a there are 11 amino acid changes in GROB and 9 
of these are found in the secreted protein while GROyY 
has 11 changes in the mature protein. While most of the 
changes are conservative for charge and size, two proline 
substitutions may be of significance. GROB has a proline 
alteration immediately before the ELR motif known to 
be important for receptor binding of IL-8 and GRO 
(Geiser er al, 19937. 


AMINO ACID SEQUENCES 


ASVATELRCQC GRO 
APLATELRCQC GROB 
ASVVTELRCQC  GROy 


This substitution may be responsible for the lower 
activity of native GROB as deletion of the N-terminal five 
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Figure 33.3 Amino acid sequences of the three GRO genes. 
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amino acids has little effect on GROw or GROy activity 
but markedly enhances that of GROB (Geiser et al., 
1993). The importance of the remaining amino acid 
substitutions is still difficult to determine. Alanine 
scanning mutagenesis of the charged residues was used to 
demonstrate that the EGA conversion was sufficient to 
separate binding by the Duffy antigen receptor and that 
of the IL-8RB (Hesselgesser 1995). Although there are 
several potentially interesting changes in the C-terminal 
five amino acids, their influence on activity has not been 
discerned. It is possible that alterations within the 
putative heparin-binding domain characterized by 
KKIIKKLL in PF, may alter binding of the different 
GRO gene products to the extracellular matrices. 


KKIIKKLLES PF, 
KKIIKEHLES PF,v 
KKIIEKMLNSDKSN GROo 
KKIIEKMLKNGKSN GROB 
QKIIEKILNKGSTN GROy 


It has been reported that two amino acid changes 
within this domain markedly alter heparin binding of a 
variant of PF, and CTAP-III (Green et al., 1989), 
suggesting that the weak heparin binding property of 
GRO (Richmond and Thomas, 1988) could be 
differentially altered by the concentration of changes 
within the C-terminus. Recently, however, it has been 
reported that IL-8 and GRO preferentially bind to a 
subfraction of heparin, one that fails to bind FPE 
suggesting that matrix binding may be a shared 
characteristic of IL-8 and GRO (Witt and Lander, 1994). 
Both the amino- and carboxyl-termini appear to\be 
important for binding to the B-receptor. However, there 
appears to be little difference in affinity between the 
three GRO forms (Geiser et al., 1993) when the five N- 
terminal residues are deleted, suggesting that these 
differences in the carboxy-termini are of no significance 
as regards receptor interaction. The absolute 
requirement of the N-terminal ELR motif for receptor 
binding has been challenged by the observation that the 
C-terminal (47-71) GRO protein can bind to melanoma 
cells and is sufficient to stimulate DNA synthesis (Roby 
and Page, 1995). 


3.2 SECONDARY STRUCTURE 


The secondary structure of GROw has been determined 
by NMR spectroscopy and appears to be similar to that of 
the other members of the C-X-C family (Fairbrother et 
al., 1993; Clark-Lewis et al, 1995), which is a 
consequence of the conservation of cysteine bridges 
within the different chemokines (Figure 33.4). The 
monomer is predicted to have a three-stranded 
antiparallel B-sheet conformation and a C-terminal a- 
helix from amino acid residue 58-69. GRO exists 








GROoMGSA Monomer 


Figure 33.4 Secondary structure of the GROo/MGSA 
dimer and a single subunit of the dimer. 


apparently as a dimer in solution, with the dimer being 
stabilized between Gln-24 and Ser-29. As this region is 
conserved between the three GRO gene products, it is 
likely that all have a similar dimerization domain in 
solution. In addition, like IL-8, it appears that the N- 
terminal amino acids preceding the CQC motif are 
conformationally disordered but tightly hinged to the 
central protein via the disulfide bridge (Fairbrother et al., 


1993; Baggiolini et al., 1994). In contrast, the C- 
terminal o-helix of GROw degenerates at Asp-70, unlike 
in IL-8 where the a-helix continues to the C-terminal 
residue. It would be interesting to determine whether 
GROB and GROy are more similar to IL-8, as neither has 
an appropriate Asp residue but each has a Gly which is 
highly conserved with Ala-74 in IL-8. 


f 


4 
3.3 PROTEOLYTIC PROCESSING 


While considerable interest has been shown in the 
presence of different processed forms of IL-8 (Baggiolini 
et al., 1994) much less is known about GROa, GROB, 
and GROy. GRO« was identified from natural sources as 
being slightly smaller than the predicted 73 amino acids 
(Derynck et al, 1990). It was demonstrated that 
cleavage of the recombinant protein by dog pancreas 
microsomes resulted in a protein with the 34-amino-acid 
leader sequence removed and, in addition, the two final 
carboxy-terminal residues were also cleaved. There was 
no evidence of any post-translational modifications. 
Amino acid determinations on HPLC-purified natural 
osteosarcoma-derived forms of GRO@ and GROy 
confirmed the initial cleavage site definition from 
melanoma cells (Derynck et al., 1990; Proost et al., 
1993). The size of IL-8 can be dictated by the cellular 
origin of the protein; monocytes and macrophages 
release a 72-amino acid form of IL-8, SAKELRCQC, 
while five additional N-terminal residues 
AVLPRSAKELRCQC are detected in endothelial and 
fibroblast cultures (reviewed in Baggiolini et æl., 1994). 
As with IL-8, it is to be expected that the different forms 
of GRO could be further processed. Several N-terminal- 
truncated forms of GRO differing by deletion of one or 
two amino acids were detected in osteosarcoma cells. 
(Proost et al., 1993). While there is no evidence for this, 
it would be a particularly important process with GROB, 
which is apparently less active unless the N-terminal five 
amino acids are removed (Geiser et al., 1993). 


4. Cellular Sources of GRO mRNAs 
and Proteins 


Message and/or protein for GROg has been identified in 
a large number of cell types, most commonly after an 
inflammatory stimulus such as can be provided by IL-1 
or TNF-a. Information about GROB and GROy 
expression is available from a more restricted number of 
cell types (see Tables 33.1 and 33.2 for a summary of 
expression studies). When expression of all three GROs 
has been investigated in the same cells and in the same 
study, it appears that while GROa can be induced in 
most cells tested there is a more selective induction of the 
other two GRO members. Colonic epithelial and 
bronchial epithelial cells express GRO and GROy but 
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not GROB (Isaacs et al., 1992; Becker et al., 1994). 
Synovial fibroblasts express GROG and GROB but not 
GROy (Hogan et al., 1994). Furthermore, the type of 
signal given to the cells may determine the GRO 
response. PMA-exposed monocytes express GROB and 
GROy but not GROa, while endotoxin-stimulated 
monocytes express all three GROs (Haskill et al., 1990). 
Retinal pigment epithelial cells exposed to IL-IB or 
TNF-a express all three GROs, while serum-stimulated 
cells express only GRO@ and GROy (Jaffe et al., 1993). 
It is not clear whether this differential expression 1s 
regulated on the transcriptional level or by means of 
message stabilization. 


4.1 IN VIVO STUDIES 


Constitutive GROa expression has been noted in 
biopsies of normal colonic (Isaacs et al., 1992) and 
airway epithelium (Becker et al., 1994), in various cells in 
normal skin including keratinocytes, melanocytes, hair 
follicles, and blood vessels (Richmond and Thomas, 
1988; Tettelbach et al., 1993). The presence of GRO in 
these tissues with barrier function may indicate a state of 
activation possibly induced by ambient environmental 
sources. In disease states, GRO has been found to be 
highly expressed in psoriatic scales (Schroder et al., 1992; 
Kojima et al, 1993) and, as suggested by animal 
experiments, at sites of tissue injury and inflammation. In 
psoriatic skin, overexpression of GRO correlated with 
IL-8 expression and could be downregulated by 
cyclosporin A im vivo (Kojima et al, 1993). 
Overexpression of GROG was restricted to the 
suprapapillary layers of psoriatic lesions (Kulke et al., 
1996). Biopsies of squamous cell carcinomas and 
adenocarcinomas showed GRO mRNA expression 
(Richmond et al., 1988) and GROa was localized 
immunohistochemically in prostatic carcinoma, 
sarcoidosis tissue, small-cell lung carcinoma, and 
nonmalignant nevus tissue (Richmond and Thomas, 
1988). GROy appears to be preferentially expressed in a 
colonic carcinoma (Cuenca et al., 1992). GROa has 
been found to be constitutively expressed in cell lines of 
melanoma, glioblastoma, mammary, bladder, renal, and 
prostatic carcinoma cells (Richmond et al., 1988; Pichon 
and Lagarde, 1989; Haskill et al., 1990; Anisowicz et al., 
1991; Rangnekar et al., 1992). 


4.2 IN VITRO STUDIES 


The large majority of studies of GRO mRNA or protein 
expression have been performed with various cell lines: 
normal cells in primary culture, cultured cells from 
diseased tissue such as synovial cells and chondrocytes 
from arthritic lesions, or melanocytes in progressive stages 
of carcinogenesis. Most of these cell sources in their 
growing but “unstimulated” state express very low to 
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Table 33.1 Expression and stimulation of GRO mRNAs or proteins 
Cell source Stimulus Reference? 
Monocyte/macrophages Adherence, in vitro culture 1-3 
Endotoxin | Aye! 
TNF-a 
Virus infection 
Neutrophils Adherence, endotoxin 1.5 
Endothelial cells TNF-o, IL-1B, thrombin, PMA ` 1,6,7, 18 
Epithelial cells 
Eye 
Pigment TNF-a, IL-1B 23 
Lung 
Airway None, TNF-a 3 ` 
Type H TNF/PMA 8 a 
Mammary Constitutive, PMA, TNF-a, IL-B, EGF MEZI 
Skin 
Keratinocytes Constitutive 120 
Melanocytes Culture, serum 15, 19 
Fibroblasts 
Gingiva IL-18 24 
Lung TNF-a, IL-18 1 
Mammary TNF-a, IL-1B 1 
Skin, foreskin Serum, PMA, TNF-a, IL-1 1, 9-11, 31 
Synovium TNF-a, IL-1B 926 
Astrocytes IL-16 12 
Chondrocytes IL-18 13 
T lymphocytes PHA/PMA, IL-2 22, 25 
Tumor cells 
Melanoma Constitutive, culture, PDGF, GRO 14-17, 19, 27, 28 
Renal carcinoma Constitutive 10 
Colonic carcinoma Constitutive 4 1, 30 
Bladder carcinoma Culture 11 
Lung carcinoma Culture 11 


fat] 


1, Haskill et a/. (1990); 2, Sporn et al.: 3, Becker et al. (1994); 4, Schroeder et al. (1990); 5, lida and Grotendorst (1990); 6, Wen et al. (1989); 


7, 8, Walz et al. (1991a,b); 9, Golds et al. (1989); 10, Richmond et al. (1988); 11, Anisowicz et al. (1988, 1991); 12, Legoux et al. (1992); 13. 


Recklies and Golds (1992); 14, Lawson et al. (1987); 15, Bordoni et al. ( 


1989, 1990); 16, Chenevix-Trench et al. (1990); 17, Richmond and 


Thomas (1988); 18, Introna et al. (1993); 19, Mattei et al. (1994); 20, Tettlelbach et al. (1993); 21, Stampfer et al. (1993); 22, Skerka et al. 


(1993); 23, Jaffe et al. (1993); 24, Odake et al. (1993); 25, Saraya and Balkwill (1993); 26, Bedard and Golds (1993); 27, Rodeck et al. (1991) 


j 


28, Pichon and Lagarde (1989); 30, Cuenca et al. (1992); 31, Stoeckle (1991). 


negligible levels of GRO, but the cells are induced to 
express GRO after stimulation with TNE-« or IL-1. 
Induction of expression of one or several GRO genes has 
been observed in such a variety of cells as endothelium 
(Wen etal., 1989; Haskill et al., 1990*Tntrona et al.,1993: 
Schwartz etal., 1994), retinal pigment epithelium (Jaffe et 
al., 1993; Shattuck et al., 1994), foreskin fibroblast 
(Anisowicz et al., 1987, 1988, 1991; Stoeckle, 1991), 
synovial fibroblasts (Hogan et al, 1994), articular 
chondrocytes (Recklies and Golds, 1992), gingival 
fibroblasts (Odake et al., 1993), and airway epithelial cells 
(Becker et al., 1994). Endotoxin/LPS has been used as 
the stimulus to demonstrate GRO induction in 
monocytes, macrophages, and granulocytes (Haskill et al., 
1990; lida and Grotendorst, 1990; Becker et al., 1994), 


4.3 SELECTIVE EXPRESSION OF GRO 
MRNAs 


Comparison of expression of the different GRO genes 
has been performed on psoriatic skin, where GRO is a 
major neutrophil chemoattractant. GROG was 
approximately 6-fold more abundant then GROB and 
25-fold more abundant than GROy (Kojima et al., 
1993). In pigment retinal epithelial cells all three GROs 
were induced in response to IL-l and TNE ; the addition 
of serum, on the other hand, induced only GROw and 
GROy mRNA expression (Jaffe et al., 1993). In primary 
human nasal and bronchial epithelial cell biopsies from 
healthy individuals, GRO and GROY were 
constitutively expressed. When the cells were put in 


Cell type 


Monocyte 


Alveolar macrophage 

Neutrophil 

Airway epithelium 

Psoriasis 

Fibroblasts 

Keratinocytes 

Synovial fibroblast lines 
Osteoarthritic 
Noninflammatory 
Rheumatoid 

Eye epithelium 


Chondrocytes 
Cartilage explants 
Colonic carcinoma 
Melanoma 
(Hs294T cells) 


Stimulus 


Adherence to fibronectin 
Endotoxin 

PMA 

Culture, endotoxin 
Adherence to fibronectin 
Constitutive, TNF-o 
Constitutive 

IL-1B 

Culture, IL-1B, IFN-y + TNF-a 


Culture, TNFa, IL-1B 
Culture, TNFa, IL-1B 
TNFa, IL-18 

TNFa, IL-1B 

Serum 

IL-18 

IL-16 

None 

None 
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Table 33.2 Differential expression of GROa, GROB and GROy 


GRO expression Reference? 


a>B>y 
a>B>y 
By 
0.,B,y 
OL 

OY 
a>B>y 
a B,y 
0,B,y 


a,b 
a,b 
op 
a,B,Y 
Oy 
apy 
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aY 
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a 14, Haskill et al. (1990); 2, Becker et al. (1992); 3, Recklies and Golds (1992); 4, Hogan et al. (1994); 5, Shattuck et al. (1994); 6, Cuenca et al. 


(1992); 7, Kojima et al. (1993); 8, Jaffe et al. (1993); 9, Stoeckle (1991). 


primary culture, expression decreased and was then 
elevated when TNF-a was added to the culture medium 
(Becker et al., 1994). There was no constitutive or 
induced message expressed for GROR. In contrast, 
alveolar macrophages expressed all three GROs after 
stimulation with LPS or TNF-a. Similar levels of all the 
GRO mRNAs were expressed in the stimulated 
macrophages. Recently, two homologs of GRO have 
been identified in rabbit alveolar macrophages and 
bronchial epithelial cells (Johnson et al, 1996). 
Neutrophils selectively express GRO transcripts in 
response to several stimuli including LPS, TNF, and 
opsonized yeast (Gasperini et æl., 1995). Recklies and 
Golds (1992) investigated whether chondrocytes isolated 
from normal femoral chondrocytes and cartilage produce 
neutrophil chemoattractant chemokines which may 
contribute to the destruction of cartilage observed in 
rheumatoid arthritis. Primary chondrocyte cultures 
stimulated with IL-18 were found to preferentially 
express GROY, although low levels of GRO@ and GROB 
were also detected by PCR. On the other hand, cartilage 
explants expressed only GROy after stimulation. There 
also appears to be preferential expression of GROy in 
colonic mucosa and in colonic tumors (Cuenca et al., 
1992). Insight into the possible need for an 
inflammatory signal in GRO expression came from 
cultures of synovial fibroblasts from rheumatoid, 
inflammatory (nonrheumatoid), and osteoarthritis 
(Hogan et al., 1994). Unstimulated cultures from the 
latter two diseases constitutively expressed GRO@ and 
GROB but not GROy, while cells from rheumatoid 
lesions were negative for the GROs. Stimulation with IL- 


18 or TNF-@ increased /induced long-term expression of 
mRNA for GRO@ and GROB in all three synovial cell 
cultures. No GROy was induced. 


4.4 EXPRESSION OF GRO IN 
GROWTH-STIMULATED CELLS AND 
MELANOMA CELL CULTURES 


ln growth-stimulated hamster, mouse, and human 
fibroblasts, GRO expression is correlated with growth 
status of the cells. Within the first hour of serum addition 
to serum-starved human fibroblasts, GRO mRNA is 
transiently induced (Anisowicz et al, 1987). 
Transformed fibroblasts and some tumor cell lines 
constitutively expressed GRO which led to the suggestion 
that the GRO gene was involved in growth regulation. lt 
is possible that GRO may function as a growth factor or a 
cofactor for fibroblasts. Schroder and colleagues (1990) 
mentioned increased proliferation of fibroblasts in 
response to purified GRO protein from LPS-stimulated 
human monocytes, although another study found no 
effect on growth regulation of rheumatoid synovial 
fibroblasts despite the expression of a large number of 
GRO« binding sites on the cells (Unemori et al., 1993). 
The identification of “melanoma growth stimulatory 
activity” protein as the gene product of GRO@ supports 
the contention that this gene is involved in growth 
regulation and autonomous growth in certain cell types. 
The Hs294T melanoma cell line was used for production 
and isolation of the activity. Generation of antibodies to 
the protein allowed the identification of GRO expression 
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in a variety of tumor cells in addition to melanomas 
(Richmond and Thomas, 1988). GRO« is produced by 
approximately 70% of primary cell cultures from 
melanoma biopsies. 1n contrast, primary cultures of 
benign nevus cells are negative for GRO production. 
GRO levels in the Hs294T which constitutively produce 
GRO@ are upregulated by 1L-18, TNF-a, PMA, and 
LPS, but not by serum; TGF-8 downregulates GRO 
expression in this cell line (Shattuck et al., 1994). The 
progression of melanocytes into metastatic melanoma is 
associated with loss of exogenous growth factors and gain 
of production of autocrine growth factors, among them 
GRO«@ (Richmond et al., 1983; Graeven and Herlyn, 
1992). ln an elegant study by Balentien and colleagues 
(1991) it was shown that deregulation of GRO@ 
expression may indeed be associated with events in tumor 
progression, since overexpression of human recombinant 
GRO in immortalized rodent melanocytes results in 
tumor formation in nude mice. This transformation 
property is shared with GROB and GROYy. 

Exposure of various cell types to 1L-18 is associated 
with both growth stimulatory and inhibitory functions in 
various cell types. With this stimulus, GRO expression 
was clearly dissociated from growth regulation. 1L-18 is 
growth inhibitory on the melanoma A375-C6 and 
induced GRO, while serum which was growth 
stimulatory did not (Rangnekar et al., 1291, 1992 n 
human glioblastoma cells, 1L-18 was mitogenic as well as 
inducing GRO, while other mitogens such as serum did 
not. The action of 1L-1 on GRO induction has also been 
dissociated from growth regulation by other investigators 
(Anisowicz et æl., 1988; Shattuck et al., 1994). Recently, 
GRO has been identified as one of several cytokines 
induced by 1L-1 in epidermal Keratinocytes in situ. The 
authors employed 1L-1R transgenic mice to establish the 
probable significance of GRO in inflammatory and 
hyperproliferative skin disease (Groves et al., 1996). 


5. Functions of GRO Proteins 


Although GRO« protein was originally identified as an 
autocrine melanoma growth stimulatory activity 
(Richmond eż æl., 1983; Richmond and Thomas, 1988), 
the potential growth regulatory function of the protein 
was ignored in other tumor systems after the GRO gene 
products were classified as members of the -chemokine 
family. The emphasis of the vast majority of studies has 
been to demonstrate the neutrophil stimulatory function 
of the GROs. 


5.1 GRO-INDUCED NEUTROPHIL 
INFLAMMATION 


Purified, synthetic, and recombinant GROG proteins 
have been found to induce a strong neutrophil 


inflammatory response (Moser et al., 1990; Sager et al., 
1992; Zwahlen et al., 1993). GRO was injected into the 
foot pad or intradermally in mice. Four hours post 
injection, the site was dominated by an_ intense 
intradermal and perivascular inflammatory infiltrate. 
GRO gave a similar neutrophilic inflammatory response 
when administered intradermally in the rat. 


5.2 GRO As A STIMULATOR OF 
LEUKOCYTE CHEMOTAXIS AND 
DEGRANULATION 


There is some controversy about the potency of GRO as 
a chemoattractant for neutrophils as compared to 1L-8. 
In the early studies of recombinant purified GRO it was 
found to be active at >10-fold lower concentrations, 
while being a poor secretagogue for neutrophil primary 
granules (Sager et al., 1992; Balantien et al., ei allie 
subsequent studies, Schroder and colleagues (1990) 
compared 1L-8 and GRO for chemotactic and neutrophil 
degranulation activity and found that although the ED,, 
was the same for 1L-8 and GRO, the number of 
neutrophils migrating in a chemotaxis assay was only 60% 
of the cells responsive to 1L-8. Furthermore, the 
response to GRO showed a bell-shaped curve with peak 
activity at 10 ng/ml and no response at 200 ng/ml. This 
difference in response between GRO and IL-8 was also 
observed when triggering neutrophil degranulation. 
Moser and colleagues (1990) used synthetic GRO« to 
compare potency with IL-8 to induce chemotaxis, 
production of H,O,, and release of elastase. Both 
chemokines were active at similar molar ranges (107. 
10” Mm), but 1L-8 was more potent in all the tested 
functions. The biggest difference in stimulatory capacity 
was seen in H,O, production, where GRO gave <2% of 
the 1L-8 response. Using chemically synthesized GROs, 
Geiser and colleagues (1993) compared the potency of 
the three GRO proteins in activating calcium flux, H,O, 
production, and granule exocytosis in neutrophils. They 
found the hierarchy GROa> GROy> GROB for all these 
functions. 

GRO also has the ability to influence integrin 
CD11b/CD18 expression of the surface of neutrophils 
concomitantly with a decrease in the expression of L- 
selectin (Detmers et al., 1991). Transiently increased 
phagocytosis of 1gG-coated erythrocytes was also noted 
in GRO-exposed cells, although Fe receptors were not 
affected. This phenomenon was apparently mediated by 
CD11b/CD18, as an antibody to the moiety abolished 
the increase. GROs may also have some activity on 
basophils, as these cells mobilized Ca2* in response to 
exposure (Geiser et al., 1993). 

Magazin and colleagues (1992) compared the 
biological actions of GROB with IL-8. They found 
similar levels of chemotactic activity, induction of 
respiratory burst, and induction of 1L-6 in neutrophils 


for the two chemokines. However, 100 times more 
GROB than IL-8 was required for elevation of 
intracellular free Ca** and increase in CD11b expression 
on granulocytes. 


5.3 GRO-INDUCED GENE 
ı * ACTIVATION IN NON- 
HEMATOPOIETIC CELLS 


With the exception of studies on growth competence in 
melanocytes and melanoma cells, studies on GRO- 
inducible functions or GRO-induced gene products are 
scarce in nonhematopoietic cell types. Richmond and 
colleagues (1988) showed that treatment of Hs294T 
melanoma cells with GRO@ increased GRO mRNA 
expession at least 10-fold. Exposure of endothelial cells 
to GROG was shown to induce GROG expression in 
endothelial cells (Wen et al., 1989), but a role for GRO 
in the regulation of endothelial cell inflammatory or 
growth characteristics has not been defined. In 
rheumatoid synovial fibroblasts, Unemori and colleagues 
(1993) found that procollagen gene expression and 
collagen production were decreased by exposure of the 
cells to GROG, while no effect was seen on collagen- 
degrading metalloproteinases or an inhibitor of 
metalloproteinases. A role for GRO in angiogenesis of 
tumors has recently been proposed (Cao et al., 1995). It 
appears that, while GRO@ and GROy may stimulate 
angiogenesis, GROB may serve to inhibit this process. 


6. GRO Receptors 


6.1 EXPRESSION OF GRO-IL-8 
RECEPTORS ON NEUTROPHILS 


The three GROs share both the high- and low-affinity 
receptors on neutrophils with IL-8 (see Chapter 8 for 
details about receptor genes, structure, and signal 
transduction). Both these receptors, IL-8R2 (GRO high- 
affinity receptor) and IL-8R1 (GRO low-affinity 
receptor), have been cloned and localized to 
chromosome 2q35 (Holmes et al., 1991; Murphy and 
Tiffany, 1991; Ahuja et al., 1992; Morris et al., 1992; 
Cerretti et al., 1993). GRO competes effectively with 
IL-8 for the 67-70 kDa 1L-8R2 (K, = 0.2-2.5 nm), while 
GRO«a competes poorly with 1L-8 for the other low- 
affinity 44-59 kDa IL-8R1 (KC, = 200-500 nm) (Moser et 
al., 1993; Loetscher et al., 1994a). Binding studies with 
radioiodinated GROa showed that 30-45% of the 
receptors bound the molecule with high affinity, and 
55-70% with low affinity (Schumacher et al., 1992). IL- 
SRI and R2 were successfully transfected into Jurkat cells 
by Loetscher and colleagues (1994b) and assayed for 
binding of GROa. This experiment elegantly confirmed 
the high-affinity nature of IL-8R2, both in binding 
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studies with IL-8 and GROG as well as studies of GRO 
concentrations required for functional triggering of Ca?” 
fluxes and chemotaxis. It was also shown that these 
functions can be triggered by GRO through the IL- 
8R1 receptors if the cells are exposed to GROQ 
concentrations close to the K, values. 


6.2 


An indication of expression of GRO receptors on other 
cell types than neutrophils comes from the 
responsiveness of cells like melanoma cells and synovial 
fibroblasts to GRO stimulation. The melanoma line 
Hs294T has recently been shown to express 
53 000-68 000 GROc binding sites per cell with a Ky of 
3.9-4.3 nM (Horuk et al., 1993). This receptor appears 
to be specific for GRO and cannot be displaced by IL-8. 
In the same report, the monocyte-like cell line U937 also 
expressed receptors for GROa, but this binding was 
effectively cross-competed with IL-8. The Hs294T cell 
line also expresses the 1L-8R2 receptor as evidenced by 
PCR (Mueller et al., 1994), as do primary keratinocyte 
cultures. Two GRO binding proteins were identified in 
membrane preparations of human placenta (Cheng et al., 
1992). These proteins were 50-58 kDa and 70-78 kDa 
and correspond in size to IL-8R1 and IL-8R2. No 
further identification of the binding proteins or 1L-8 
cross-competition or affinity studies were performed on 
these extracts. Others have found that melanoma cells 
express transcripts for IL-8R2 but not RI (Moser et al., 
1992). IL-8R2 mRNA was also found in all blood cells 
and related cell lines, in fibroblasts, melanocytes, and 
melanoma lines. Synovial fibroblasts were found to 
express 75 000 binding sites for GRO as determined by 
Schatchard analysis (Unemori et al., 1993). The result of 
receptor triggering in these cells was a downregulation of 
collagen synthesis but no effect on fibroblast cell growth. 


GRO-SPECIFIC RECEPTORS 


THE PROMISCUOUS CHEMOKINE 
RECEPTOR 


Erythrocytes express a chemokine receptor with the 
ability to bind both C-X-C and C-C chemokines 
(Darbonne et al, 1991; Neote et al., 1993). Binding of 
GRO«. to this receptor is easily displaced by both IL-8 
and C-C chemokines like RANTES and MCP-1, while 
GROsa in turn displaces other chemokines. lt has been 
suggested that these receptors act as scavengers for 
chemokines in the circulation (Darbonne et al., 1991). 
The identity of the promiscuous receptor with the 
“Duffy antigen” (DARC), the moiety which is used by 
the malaria parasite Plasmodium vivax to invade 
erythrocytes, has been recognized (Horuk et al., 1993, 
1994; Chaudhuri et al., 1994; Hesselgesser et al., 1995). 
It is possible that GRO and other chemokines are able 
to inhibit parasite invasion into erythrocytes. The Duffy 
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receptor also appears to belong to the seven-trans- 
membrane-spanning receptor superfamily. However, 
transfection of the receptor cDNA into an embryonic 
kidney cell line does not result in a signaling receptor, as 
measured by a lack of Ca** mobilization when reacted 
with either GRO@ or IL-8 (Neote et al., 1994). 


/, Signal Transduction by GRO 


Both IL-8/GRO receptors are members of the seven- 
transmembrane domain, G-protein-coupled receptor 
family. This characterization provides evidence that the 
GRO are primarily chemoattractants, as other 
chemoattractants such as receptors for C5a, fMLP, and 
platelet-activating factor have all been shown to share this 
structure (Dohlman et al., 1991). Signaling events in 
GRO or IL-8 binding to the IL-8R2 receptor involve a 
GTP binding protein, protein kinase C activity, and rise 
in free cytoplasmic Ca** and increase in both GTPase 
activity and GTP binding (Schroeder et al., 1990; Walz 
et al., 1991b; Kupper et al., 1992). Transfection of 
receptors into nonexpressing cells has allowed the study 
of other specific signal-transducing events. Mueller and 
colleagues (1994) used the transfection approach to 
study signaling mechanisms of GRO through the IL- 
8R2/GRO receptor in a placental and a kidney cell line. 
The transfected protein was found to be basally 
phosphorylated and GROa markedly increased 
phosphorylation of its receptor. Phosphoaminoacid 
analysis indicated that the phosphorylation was on serine 
residues, suggesting activation of a serine kinase as a 
signal in GRO binding to its receptor Sin 
nonhematopoietic cells. Cheng and colleagues (1992) 
also investigated phosphorylation events in response to 
GRO«@ in placental membrane extracts following I-5 


min treatment with GRO. Enhanced phosphorylation 
of several proteins was observed; one of the 
phosphorylated proteins corresponded in size to a GRO 
binding protein in the membrane preparations, 
suggesting autophosphorylation of the receptor. 
Although both IL-8 and GRO stimulate similar levels of 
free calcium, only IL-8 was able to stimulate 
phospholipase D, demonstrating a divergence of 
signaling | pathways downstream of the two IL-8R 
members (L’Heureux et al., 1995). Similarly, Jones and 
colleagues (1996) have reported that both receptors 
mediate changes in free calcium and granule release, but 
only the IL-8R1 functions to stimulate the oxidative 
burst or activation of phospholipase D. Both receptors 
appear capable of triggering reorganization of the actin 
cytoskeleton (Norgauer et al., 1996) and both receptors 
become coupled to the @ subunit of the Gi2 protein 
(Damaj et al., 1996). Several authors report that 
homologous proteins have been identified in mice 
(Groves et al., 1996) as well as rabbits (Johnson and 
Schwartz, 1994), offering additional models amenable to 
investigation of the role of GRO in disease. 


8. Animal Models for the Study of GRO 
Function 


The major neutrophil chemoattractant molecules in the 
rat have turned out to be homologous to the GROs and 
not to IL-8. Analysis of these chemokines in various 
disease models is likely to be important in interpreting 
information about GRO expression in human disease. 
We have therefore included information on studies 
investigating rat CINC/GRO expression and production 
in disease models and inflammation (Table 33.3). Studies 


Table 33.3 Expression of CINC/GRO in rat models of inflammation and disease 


MRNA or protein Disease/model 
expression 
CINC LPS-induced inflammation 
LPS in the air pouch 
CINC Immune complex glomerulonephritis 
CINC-1 Carragenan-induced inflammation 
CINC-20 å 
CINC-2ß 
CINC-3 
CINC Pituitary gland +/~ TNF 
CINC Focal cerebral ischemia 
CINC Chronically ethanol-fed rats 
MIP-2, KC Pulmonary inflammation 
MIP-2, KC Cardiac allografts 


Reference 


Watanabe et al. (1992, 1993) 
lida et al. (1992) 


Wu et al. (1994) 
Nakagawa et al. (1994) 


Koike et al. (1994) 
Liu et al. (1993) 
Shiratori et al. (1993) 
Huang et al. (1992) 
Wieder et al. (1993) 


KC Wound tissue lida and Grotendorst (1 990) 


exposing various cells to CINC proteins also suggests 
some new approaches to studies of human GRO function 
and role in homeostasis. 

The rat chemokine “cytokine-induced neutrophil 
chemoattractant” CINC is believed to be the rat 
homolog of GROG and of the mouse gene KC 
(Watanabe et al., 1989). This protein with strong 
chemeattractant function was originally purified from 
endotoxin-, TNF-a-, and IL-1f-stimulated kidney 
epithelioid cells and subsequently from endotoxin- 
induced inflammatory exudates (Watanabe et al., 1993). 
Another neutrophil chemoattractant was also present in 
these exudates, and sequence analysis found it to be 
highly similar to mouse MIP-2. Two additional highly 
homologous MIP-2-like neutrophil chemotactic proteins 
have recently been purified (Nakagawa et al., 1994). The 
suggested nomenclature for these chemokines is now 
CINC-1 for the original CINC, CINC-3 for the first 
isolated MIP-2 protein, and CINC-2@ and CINC-2B for 
the latest MIP-2-like proteins (Nakagawa et al., 1994). 
At low concentrations (10° M) the hierarchy of 
chemotactic activity is CINC-3>CINC-2a@ >CINC- 
1>CINC-2f; at 10 mM the CINCs are similar in activity. 
CINC-20@ appears to be the predominant form secreted 
by LPS-activated macrophages (Nakagawa et al., 1996). 
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Cytokine 


Location of gene (chromosome, etc.) 


Gene size 

Number of exons 

Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 
Glycosylated /nonglycosylated 
(glycosylation sites) 

pl 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 
a-helices, etc.) 

Cell sources 


Functions 


Receptor structure (e.g. o-chain 
30 kDa, B-chain 130 kD) 
Associated pathological disorders 


Therapeutic uses 


IL-la 


2q12-q21 
10 kb 

7 

Proform: 271 


159 


17.5 
No 


5 
None 


Monomer 

Tetrahedral globular protein 

. Monocytes 

. Lymphocytes 

. Endothelia 

. Keratinocytes 

. Epithelia 

. Microglia 

. Chondrocytes 

. Induction of other cytokines in 
many cell types 

. Hematopoiesis 

. Costimulates T cells 

. Activates endothelium 

. Neuroendocrine activity 

. Acute-phase response 

. Pyrogenic 

. Fibroblast proliferation 


hm ITO OP w NO = 


CONAN SP w bh 


Type 1: 80 kDa 

Type 2: 60 kDa 

1. Inflammation 

2. Sepsis 

3. Diabetes 

4. Autoimmune disease 
5. CML 

6. Ovarian carcinoma 
7. Osteoporosis 

None: blockage of IL-1 may be 
beneficial 


IL-1B 


2q13-q21 

7 kb 

7 

Proform: 269 


less 


None 


Monomer 

Tetrahedral globular protein 

. Monocytes 

. Lymphocytes 

. Endothelia 

. Keratinocytes 

. Epithelia 

. Microglia 

. Chondrocytes 

. Induction of other cytokines in 
many cell types 

. Hematopoiesis 

Costimulates T cells 

. Activates endothelium 

. Neuroendocrine activity 

. Acute-phase response 

. Pyrogenic 

. Fibroblast proliferation 
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Type 1: 80 kDa 

Type 2: 60 kDa 

1. Inflammation 

2. Sepsis 

3. Diabetes 

4. Autoimmune disease 
3 CME 

6. Ovarian carcinoma 
7. Osteoporosis 

None: blockage of IL-1 may be 
beneficial 


IL-2 


4q26-28 
p37 bp 

4 

Proform: 153 


T33 


I 3-17.5 kDa 
Glycosylated: 1 N-linked at aa 3 


6.6-8.2 
One: 58-105 


Monomer 

Some dimer through aggregation 

1. Activated T cells 

2. Some T cell lines and hybridomas 


. Stimulates proliferation of activated T cells 
. Stimulates cytolytic activity of activated T cells 
. Stimulates T cell motility 
. Stimulates T cell differentiation 
. Stimulates thymocyte proliferation 
. Stimulates B cell proliferation 
. Stimulates secretion of immunoglobulin by B cells 
. Stimulates proliferation of large granular lymphocytes 
. Stimulates cytolytic activity of large granular 
lymphocytes 
. Promotes cytolytic activity and possibly proliferation 
and differentiation of monocytes 
Il. Enhances growth and proliferation of 
oligodendrocytes 
I2. May enhance proliferation of fibroblasts and 
epithelial cells 
æ chain: 55 kDa; B chain: 70-75 kDa; y chain: 68 kDa 
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pad 
© 


I. X-linked SCID 
2. Adult T cell leukemia/lymphoma 
3. ? Decline in immune response with age? 


. Treatment of cancer 

. Treatment of infectious diseases, e.g., AIDs 

. Use in bone marrow stem cell transplantation 

. Anti-IL-2 or IL-2R therapy used for 
immunosuppression to prevent allograft rejection 
and for treatment of autoimmune conditions, 
ATL, and other leukemias 
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I5 


5q23-3] 

~3 kb 

5 

Proform: 152 


133 


I5.I kDa 
Two glycosylation sites (aa 15-17, aa 70-72) 


4-8 
One: 16-84 


4 helical bundles (helix A-D) + short 

helix A’ between A and B 

l. Activated T cells 

. NK cells (stim. A23 187) 

. Mast cells 

. WEHI-3 myelomonocytic leukemia cell line 
. Human thymic epithelial cells 


am WwW N 


I. Supports proliferation and differentiation of 
pluripotent myeloid progenitor cells 

2. Prevention of apoptosis 

3. Induces MHC class II and LFA-1 in 
macrophages 

4, Histamine release in basophils 


5. LTC-4 generation in eosinophils and basophils 


a-chain: IL-3Ra 4I kDa (expressed: 70 kDa) 
B-chain: B. 96 kDa (expressed: 120 kDa) 
I. Myelodysplastic syndrome (MDS) 


1. Support of hemopoiesis after high-dose 
chemotherapy 
2. Patients with bone marrow failure and MDS 
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Cytokine 


Location of gene (chromosome, etc.) 


Gene size 

Number of exons 

Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 
Glycosylated/nonglycosylated 
(glycosylation sites) 

pI 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 
a-helices, etc.) 

Cell sources 


Functions 


Receptor structure (e.g. o-chain 
30 kDa, B-chain 130 kD) 
Associated pathological disorders 


Therapeutic uses 


IL-4 IL-5 
5q23.3-31.2 5q23-31 
~IO kb 6.5 kb 

4 4 


Proform: 153 


123 l 


15-19 
Yes. N-glycosylation sites unknown 


10.5 
Three: 3-127; 23-65; 46-99 


4o-helix bundle 


eels 

. Mast cells 

. Eosinophils 
. Basophils 


Rm WN DRO He 


. B cell proliferation 

. B cell differentiation 

. Ig switching 

. T cell proliferation 

. Activation of monocytes 
. Mast cell proliferation 


O mM RB WwW N Se 


130 kDa @ chain 

IL-2 receptor y chain 

1. Asthma 

2. Dermatitis 

3. Multiple sclerosis 

4. Allergy 

5. Inflammatory bowel disease 


— 


. Antitumor agents 
. Immune stimulator in infection 


bo 


Proform: [34 


115 


45 


O- and N-linked Thr-3 Asp-28 


7 s 


Homodimer (antiparallel) S-S 
bond 

44-86. Two 4-helix bundles 

] alec ellis 

2. Mast cells 

3. Eosinophils 


I. Eosinophil growth and 
differentiation 

2. Eosinophil chemotaxis 

3. Eosinophil activation 

4. Basophil activation 


& chain: 45.5 kD 

B chain: 100 kDa 

l. Eosinophilia 

2. Asthma 

3. Allergy 

4. Dermatitis 

5. Biliary cirrhosis 


None: anti-IL-5 strategies in 
above diseases 


IL-6 


7 pl5-p21 

5 kb 

5 

Protorm: 212 


4 
186 


19-28 
Variable 


~5 


Two: at Cysts, and c,.—c,, 
Monomer, 4 antiparallel a-helices 


. Monocytes /macrophages 

. Fibroblasts 

. T lymphocytes 

. Endothelial cells 

. Epithelial cells and keratinocytes 

. Chondrocytes 

. Astrocytes and microglia 

. Bone marrow stroma 

. Mast cells 

. Stimulates B cell antibody production 


. Stimulates hematopoiesis (megakaryocytes) 
. Stimulates liver acute-phase proteins 
. Numerous other 7” vitro actions 


OP WN WOON DA TP W WH Fr 


80 kDa IL-6 æ chain, 130 kDa gp130 ß chain 


. Multiple myeloma 

. Cardiac myxoma 

. Rheumatoid arthritis 

. Various inflammatory conditions 

SEE 

. Bacterial infection 

. Trauma 

. Potential antitumor effects 

. Potential stimulant of low platelet numbers 
. Antibodies to IL-6 have potential in multiple 
myeloma 


. Stimulates T cell growth and CTL differentiation 
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IL-7 
8q12-q13 
>33 kb 


6 
Proform: 177 


152 


20-28 
Yes: 3 potential N sites 


2 


Six Cys residues but bonding pairs unknown 
Unknown 


. Bone marrow stromal cells 
. Fetal liver cells 

. Thymic stroma 

. Thymic epithelia 

. Keratinocytes 


mn Pw N m 


. Pre/pro-B cell proliferation 
. Pre-B cell differentiation 

. T cell proliferation 

. NK cell activity 

. LAK cell activity 

. Monocyte cytokine secretion 
. Myelopoiesis with CSFs 

oa chain 130 kDa 

IL-2 y chain 64 kDa 

1 ALE 

2. Juvenile arthritis 

3. T cell lymphoma 

4. B cell leukemia 

5. Hodgkin disease 


NO Mm PW NWN 


a2 


1. Gene transfer in cancer as vaccine and generator of 


cytotoxic T cells 


No 


. Lymphopoiesis post bone marrow transplantation 
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me 


Cytokine 


Location of gene (chromosome, etc.) 


Gene size 

Number of exons 

Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 
Glycosylated/nonglycosylated 
(glycosylation sites) 

pl 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 
&-helices, etc.) 

Cell sources 


Functions 


Receptor structure (e.g. o&-chain 
30 kDa, B-chain 130 kD) 
Associated pathological disorders 


Therapeutic uses 


mS 
4q12-21 5q31-q35 
5.25 kb ~3.5 kb 

4 5 


Produced as 99 amino acid protein, 
including 22 amino acid signal 
sequence 

Most common forms: 72 aas and 77 aas 


8.3 kDa (72 aa form) 
Nonglycosylated 


Two: 7-34; 9-50 


Homodimeric in solution. Probably 
active as monomer 
1. Monocyte /macrophage 
2. Lymphocyte 
3. Endothelial cell 
4. Epithelial cell 
5. Fibroblast 
6. Keratinocyte 
7. Synovial cell 
8. Mesangial cell 
9. Smooth-muscle cell 
10. Some tumor cells 
1. Neutrophil chemotaxis /activation 
2. Triggering of primed basophils 
3. T cell chemotaxis 
4. Keratinocyte mitogenesis /chemotaxis 
5. Angiogenesis 
6. Release of hematopoietic progenitors 


7-Transmembrane domain, 
G-protein coupled 

1. Rheumatoid arthritis 

2. Ulcerative colitis 

3. Cystic fibrosis 

4. Alcoholic hepatitis 

5. Ischemia-reperfusion injury 
6. Psoriasis 

None to date 


/ ~10 


Proform: 144 


126 


~14 Glycosylated IL-9 ~25 kDa 
Four glycosylation sites 


xv 


Ten cysteines in positions: 3, 27, 
29, 36, 38, 46, 50, 84, 89, 93 
Monomer 4 a@-helical bundles 


I. T cells 


l. Erythroid and myeloid 
growth and differentiation 

2. T cell activation 

3. B cell activation 
(immunoglobulin production) 

4. Mast cell activation and 
differentiation (in mice) 

5. Neuron differentiation (in 
mice) 


a chain = IL-9R 64 kDa 
B chain = y. 64 kDa 

1. Hodgkin disease 

2. HTLVI leukemias 


4 
160 


17.0 

Nonglycosylated 

I potential site 

T92 

Two: 12-108; 62-114 


Monomer: 6 a-helices 


. Monocytes 

. T cells 

B cells 

. Epithelial cells 

. Keratinocytes (mouse) 

. Melanoma 

. Tumor cells (various origins) 


I. Inhibition proinflammatory cytokine production by 
monocytes, granulocytes endothelial cells and mast 
cells 

2. Inhibition of IL-2 production by T cells 

3. Inhibition antigen-specific T cell activation and 
cytokine production 

4. Inhibition MHC class II and expression of 
costimulatory molecules on monocytes 

5. Inhibition of NO production by monocytes/ 
macrophages 

6. B cell costimulator for proliferation and 
immunoglobulin production 

7. Mast cell growth factor 

8. Inhibition of osteogenic differentiation 

a chain: 90-120 kDa 

B chain: unknown at present 

I. Systemic lupus erythematosus (SLE) 

2. Leishmaniasis 

3. Lymphatic filariasis . 

4. Inflammatory bowel disease 


— 


. Anti-inflammatory and immunosuppressant 

2. Prevention of graft versus host disease 

3. Induction and maintenance of transplantation 
tolerance 

4, Autoimmune diseases 

. Infectious diseases 

6. Cancer 


on 
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19q13.3-q13.4 
7 kb 

5 

Proform: 199 


178 


I9 
None: no apparent glycosylation 


>i 
None 


4-helix bundle 


. Bone marrow stromal fibroblasts 
. Lung fibroblasts 

. Trophoblasts 

Osteosarcoma cells 

Articular chondrocytes 

. Synoviocytes 

. Trabecular bone cells 


I. Synergistic stem and progenitor cell growth factor 

. Synergistic growth factor for megakaryocyte 
progenitors 

. Acute-phase protein inducer 

. Inhibitor of adipocyte differentiation 

. Inducer of neuronal differentiation 

. Stimulates osteoclast development 7” vitro 


i) 


Om A W 


(a-chain unknown at present) 
B-chain 130 kDa 


None known 


l. Acceleration of platelet recovery in myelosuppressed 
patients 

2. Protection against epithelial cell damage in 
inflammatory bowel disease 

3. Treatment for septic shock 
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Cytokine 


Location of gene (chromosome, etc.) 


Gene size 

Number of exons 

Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 


Glycosylated /nonglycosylated 
(glycosylation sites) 


pl 
Number of S-S bonds and amino 
acid sites 


Basic structure (monomer/dimer, 
& helices, etc.) 
Cell sources 


Functions 


Receptor structure (e.g. &-chain 
30 kDa, B-chain 130 kD) 


Associated pathological disorders 


Therapeutic uses 


U 


The p40 subunit is 5 (5q31-q33) and p35, 3 (3p12-3q13.2) 

The p40 mRNA is ~2.4 kb, p35 mRNA is ~1.4 kb 

Analysis of the human gene structure has not yet been published 
For p40, 328 aa, including a 22-aa signal peptide. For P35, 2194, 
including a 22-aa signal peptide 


p40 contains 306 amino acids, p35 contains 197 amino acids 


The heterodimer protein backbone has a molecular mass of 57.2 kDa 

although the glycosylated protein is approximately 75 kDa as 

determined by SDS-PAGE 

Four potential N-linked glycosylation sites on p40 and three putative 

N-linked sites on p35. At least one of the sites on p40 ‘is glycosylated 

(Asn*”°) whereas a second is not (Asn?®) 

4.5-5.3 

p35 contains 3 intramolecular S-S bonds: Cys” —Cys®, Cys*-—Cys?* and 

Cys**-Cys*™. The intermolecular disulfide bond is between p35 Cys 

and p40 Cys’’’. p40 contains 4 intramolecular S-S bonds: Cys**-Cys®, 

Cys!_Cys}2, Cys!48_Cys}7!, ae Cys?78_Cysi° 

Heterodimeric protein comprised of two disulfide-linked subunits with the 

p35 having an a-helix-rich structure 

1. Monocytes and myeloid cell lines 

2. B lymphocytes and Epstein-Barr virus-transformed B-lymphoma cell 
lines 

. Stimulates proliferation of activated T and NK cells 

. Enhances lytic ability of NK/LAK cells 

. Induces cytotoxic T lymphocyte responses to tumor cells 

. Increases IFN-y production by T and NK cells 

. Promotes the development of T,,] over 1,2 €ells 

. Inhibits production of IgE 

. Synergizés with other hemopoietic factors to enhance hemopoietic 
stem cell proliferation of both the lymphoid and myeloid lineages 

8. Regulates the expression of a number of cell surface markers, 

including adhesion molecules 

Two human IL-12 receptor components have been isolated by expression 

cloning. One protein is 662 amino acids while the second component is 

862 amino acids. Both are glycoproteins and are members of the 

cytokine receptor superfamily of proteins 

. Endotoxin-induced shock 

. Granulomatous colitis 

. Autoimmune encephalomyelitis 

. Insulin-dependent diabetes mellitus 

. Rheumatoid arthritis 

. Treatment of infectious diseases and Opportunistic infections 

. Vaccine adjuvant 

. Antimetastatic and antitumor agent 


NDA MB ww Lb 


N9 pe 


WwW N =! N A Ww 


TC I3 


5q23-31 

Genomic 4.6 kb; mRNA 1.3 kb 
4 

Proform: 132 


112 


17 (glycosylated form) 


Four 


Not known 
Two 


Monomer. 3D structure not known 


. Activated T cells 

. Mast cells 

B cells 

. B cell growth and differentiation factor 

. IgE switch factor 

. Anti-inflammatory activity on monocytes/ 

macrophages 

4. Increases ICAM-1 on mast cells 

5. Enhances VCAM-1 expression and induces 
morphological changes on endochelial cells 

6. Stimulates chemotaxis 


CDw 124 (114 Ra 130 kDa) 
B-chain; 60-70 kDa 


1. Nephrotic syndrome 


1. Anti-inflammatory agent 
2. Antitumor activity 
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IL-14 

Not known 
Not known 
Not known 
498 

483 


60 


Three potential N-sites 


6.7-7.8 
Unknown 


Monomer 


Lar cells 
2. B-lymphoma 


l. Proliferation of activated B cells 
2. Inhibition of immunoglobulin secretion 


90 kDa 


1. Non-Hodgkin lymphoma 
2. B cell lymphoma 


None 


a0 


Cytokine 


Location of gene (chromosome, etc.) 


Gene size 

Number of exons 

Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 


Glycosylated/nonglycosylated 
(glycosylation sites) 

pl 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 
a-helices, etc.) 

Cell sources 


Functions 


Receptor structure (e.g. o-chain 
30 kDa, B-chain 130 kD) 
Associated pathological disorders 


Therapeutic uses 
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IL-15 IL-16 
4q31 15q26.1 
32 kb Unknown 
7 Unknown 


Proform: 162 aa 


114 aa 
14-18 kDa 


Two: Asn 79, 112 


? 
Two: Cys 35-85; 42-88 


4 a-helix bundle structure 


. PBMCs 

. Monocytes 

. Placental tissue 
. Muscle tissue 

. Skeletal tissue 


m— N PB w N YH 


B cells, NK cells 
2. Stimulation of CTCC, TDAC 
3. Induction of differentiation of 
CD34* to NK cells 
4. Chemoattraction of T cells 


IL-2 receptor B,y chain 
IL-15 receptor o chain (237 aa) 


1. Immunotherapy cancer patients 
2. In rheumatoid arthritis as a T cel] 


attractant 
3. Antitumor therapy 


. Stimulation of activated T cells, 


Putative precursor 


130? 


Monomer, 14-17; Homotetramer, 
56 kDa? 
One potential N-site 


9.1 
Unknown 


Homotetramer 


1. CD& T cell 
2. Eosinophils 
3. Epithelial cells 


. Chemotaxis CD4* cells 

2. Competence factor for CD4* T 
cells 

3. Induces eosinophil adhesion 


— 


CD4 


l. Asthma 

2. Sarcoidosis 

3. Inflammation 
1. Anti-HIV 


a 7 


2q51—q35 
TORNA = 1.2 kb 


? 


Proform: 155 amino acids 


f 


4 


15 K (non-glycosylated) 20 K (glycosylated) 


1 N linked site at Asn 68 


? 


? (contains 6 cys residues) 


Homodimer (30-38 K) 


ī: 
2. 
3. 


STA Mm PW WN — 


Activated CD4* memory T cells 
Possibly activated CD8* T cells 
? others 


. Activates nFKB 

. Induces secretion of IL-6 by fibroblasts 

. Induces secretion of IL-8 by fibroblasts 

. Induces secretion of GMCSF by fibroblasts 
. Induces secretion of prostaglandin E2 by fibroblasts 
. Induces expression of ICAM-1 by fibroblasts 
. Costimulates activated T cell proliferation 


Receptor 128-132 kDa glycoprotein 


? 
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IL-18 


ò 


? cDNA 1.1 kb 


? 


Proform: 193 amino acids 


estimated 18.3 K? (157 amino acids) 


No 


? 


Probably none (4 cys residues) 


Probably monomer 


l. 
. Macrophages and macrophage-like cells 
. Epithelial cells 


bo 


Monocyte lineage cells 


. Activates NK cells 

. Enhances IFNy production by activated T cells 

. Enhances GMCSF production by activated T cells 
. Enhances IL-2 production by activated T cells 

. Inhibits IL-10 production by activated T cells 


. Possibly inflammatory disorders 


. Possibly antitumor or anti-microbial 
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Cytokine 


G-CSF 


a aaa r aaae 


Location of gene (chromosome, etc.) 


Gene size 


Number of exons 

Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 
Glycosylated/nonglycosylated 
(glycosylation sites) 

pl 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 
a-helices, etc.) 


Cell sources 


Functions 


Receptor structure (e.g. o&-chain 
30 kDa, B-chain 130 kD) 
Associated pathological disorders 


Therapeutic uses 


Murine: chromosome 11 D-E2 

Human: chromosome 17q1 I-22 
Encoding regions of human G-CSF genes 
~2500 nucleotides, ~2.5 kb 

Five 

Proform 


Murine: 178 (19.6 kDa) 
Human: 174 (18.6 kDa) 


O-glycosylation site Thr 133 


Low pH to prevent protein agglutination 
Two disulfide bridges between positions 36 and 42, and 64 and 74 


Abundant helices and a small amount of sheet pleating. G-CSF is known 
as a long-chain-helical bundle structure. The four-helices are arranged in 
an antiparallel fashion 

. Stromal cells 

. Macrophages 

. Endothelial cells 

. Fibroblasts 

. Monocytes 


il eq GG NO He 


l. Proliferation, differentiation, and activation of committed progenitor 
cells and functionally active mature neutrophils 

2. Production and functional enhancement of neutrophils that occur in 
response fo infection or other causes 

3. Terminal differentiation of a murine leukemic cell line (WEHI-3B, 
and in WEHI-3B”*) 

4. “Emergency” granulopoiesis during infection 

Single 150 kDa chain forming homodimer 


1. Exposure to endotoxin (LPS) results in an increase in circulating G-CSF 
2. Gram-negative and fungal infections 
3. Neutropenia and correlated fever 


— 


. After bone marrow transplantation (BMT) 

2. To treat neutropenias after chemotherapy treatment and from other 
causes 

3. To increase patient’s tolerance of high-dose chemotherapy 

. To accelerate neutrophil recovery and function 

5. To improve tolerance to gancyclovir, thus allowing delivery of full 
doses. To help ameliorate the myeloesuppression of antiviral and 
anti-infective therapies 

6. Either alone or in combination with chemotherapy, to help recruit 
peripheral blood progenitor cells (PBPC), and stem cells 

7. Possible use in non-neutropenic infectious diseases 


uN 
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M-CSF 
1p13-21 


20 kb 


10 
Proform: 554, 438, 256 


2e 222 


45-90 


Two N- and several O-linked sites 


3-5 
Three: 7-90; 48-139; 102-146 


Homodimer. Interchain Cys*’—Cys”’. 
Four a@-helix bundle 


. Fibroblasts 

. Muscle cells 

. Endothelial cells 

. Stromal cells 

. T cells 

. Hepatocytes 

. Monocytes 

. Neutrophils 

. Monocyte/macrophage proliferation 
. Monocyte/macrophage differentiation 
. Monocyte/macrophage activation 

. Pregnancy? 


PWN FR ON A WP WN 


150 kDa single chain 


. Inflammation 

-Ovarian cancer 

. Lymphoid malignancies 
. Atherosclerosis? 
Antitumor 

. Lowers cholesterol 
Anti-infection 

. Myelosuppression 


GM-CSF 


X chromosome (Pseudoautosomal region) 
756 bp (cDNA); 3043 bp (genomic) 


4 
Proform: 144 


127 


14.5-34 
Two N-linked sites several O-linked sites 


4.2 
Two S-S bonds: 54-96; 88-121 


4 a-helices in up—up, down—down topology 


. T lymphocytes 

. Macrophages 

. Endothelial cells 
. Fibroblasts 

. B lymphocytes 


mn A WN Re 


l. Survival — inhibits apoptosis of targets 

. Proliferation 

3. Differentiation into granulocytic and macrophage 
lineages 

4, Functional activation: wide range of actions 


Nr 


& subunit 84 kDa 

B subunit 120 kDa 

1. Inflammatory mediator, e.g., rheumatoid synovium 
2. Some eosinophilic states 


1. Mobilization of peripheral blood stem cells 

2. Stimulation of myelopoiesis after chemotherapy or 
BMT 

3. Possible use in infectious disease — e.g., fungal 
infection 
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Cytokine LIF 

Location of gene (chromosome, etc.) 22q12 (human); 11A1 (mouse) 
Gene size ~6 kb 

Number of exons > 


Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 
Glycosylated/nonglycosylated 
(glycosylation sites) 

pI 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 
(oueHGees, Etc.) 

Cell sources 


Functions 


Receptor structure (e.g. œ&-chain 
30 kDa, B-chain 130 kD) 
Associated pathological disorders 


Therapeutic uses 


203-aa; 23-aa signal sequence 


180 


32-62 

Heavily glycosylated. Potential N-linked glycosylation sites at 
position 32, 56, 86, 96, 119, 128, 139 
>9.0 

Three: 12-134; 18-131; 60-163 


\ 


Four a-helical bundle. Monomer 


1. Mast cells 
2. Endometrium 
3. LIF production is stimulated by LPS and pro-inflammatory cytokines 


. Pregnancy and blastocyst implantation 

. Monocyte/macrophage differentiation 

. Aids survival and proliferation of hemopoietic stem cells 

. Growth factor for embryonic stem cells in vitro 

. Enhances survival of neuronal cells and stimulates a switch in 
neurotransmitter phenotype 

6. Enhances survival /proliferation of muscle cells 

7. Enhances acute-phase protein synthesis by hepatocytes 

8. Affects bone and cartilage resorption 

& chain: 200 kDa 

gp130: 130 kDa 

1. Infection, inflammation 

2. Septicemia, septic shock 

3. Arthritis 


NP WN = 


None yet possible; list indicates potential therapeutic uses 
1. Elevation of platelet levels 

2. Repair of bone, muscle and nerve tissue following injury 
3. Gene therapy 

4. Hemopoietic reconstitution 
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Steel Factor 


12q22-24 
Unknown 

8 

Proform: 273 


{ F 
248/220 membrane 164-165 soluble 


Monomer: 18; Homodimer: 36 

Two N-sites: Asp-65; Asp-120 

Three O-sites: Ser-142; Thr-143; Thr-155 
5.0 

Two: 4-89; 43-138 


4-helical bundle 

Homodimer 

. Stromal cells 

. Fibroblasts 

. Endothelial cells 

. Sertoli cells 

. Brain 

. Granulosa cells 

. Kidney 

. Germ-cell proliferation /differentiation 
. Melanocyte migration /survival 

. Hematopoiesis of progenitors 

. Erythropoiesis 

. Mast cell proliferation /activation 
. Myelopoiesis 


amr wnmre NDA TP WN 


c-kit protooncogene 145 kDa 


1. Malignancy 

2. Asthma 

3. Allergy 

4. Inflammation 

1. Immunoreconstitution post BMT 


flt3 Ligand 


19q13.3 

6.15 kb 

8 

Proform: 235 aa 


209 aa 


30 kDa 
Two: Asn-100, Asn-123 


8.17 (murine) 
Three: cysteines 4, 44, 85, 93, 127, 132 


4-helix bundle type I transmembrane protein 


1. B cell lineage cells 
2. T cell lineage cells 
3. Myeloid cells 


1. Stimulation of proliferation of hematopoietic 
precursor cells 

2. Stimulation of proliferation of lymphohematopoietic 
progenitor cells 

3. Stimulation of proliferation of B cell progenitors to 
B220* cells 

4, Acts in synergy with IL-3, IL-6, IL-7, GM-CSF, Steel 
factor, TNF-a 


Type III tyrosine kinase receptor (993 aa) 


Overexpression may be involved in the 
maintenance/proliferation of malignant clones in 
cases of acute leukemia 


In combination with Steel factor, GM-CSF, and TNF-a 
for ex vivo generation of dendritic cells after 
immunotherapies and anticancer therapies 
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Cytokine Thrombopotetin Tumor Necrosis Factor 
Location of gene (chromosome, etc.) 3q26~28 6p21 

Gene size 6.2 kb ~3 kb 

Number of exons 6 4 


Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 
Glycosylated/nonglycosylated 
(glycosylation sites) 


pI 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 
a-helices, etc.) 


Cell sources 


Functions 


Receptor structure (e.g. -chain 
30 kDa, B-chain 130 kD) 


Associated pathological disorders 


Therapeutic uses 


Proform: 353 


32 


35.5 (predicted); 60 (expressed) 
Six: Asn-176, 185, 213, 234, 319, 
32 


Two: 7-151; 29-85 


Two domains. Aminoterminal: 

EPO-domain 

Carboxyterminus: carbohydrate 

domain 

. Tissue: liver 

. Kidney 

Smooth muscle 

. Endothelial cells 

. Stimulation of proliferation and 
differentiation of megakaryocyte 
progenitor cells 

2. Production of mature platelets 


Hematopoietin receptor family 

(68 kDa) contains two extracellular 
segments each with a cysteine-rich 
region, a homodimerization 
domain, and a WSXWS box 
Thrombocytopenia 


l. Recombinant TPO in 


thrombocytopenia following bone 


marrow failures 


2. Reduction of platelet recovery time 


Proform: 233 


157 


174 (mature) 
Nonglycosylated. No potential 
N- glycosylation sites 


x 


5.6 
Onc 145-177 


Homotrimer. Antiparallel 
B-pleated sheet sandwich 


pad 


. Macrophages 
2. T cells 
3. Many other cells 


1. Cytotoxic for tumor cells 

2. Antiviral activity; Antibacterial 
activity; Antiparasitic activity 

. Growth stimulation 

. Immune modulation 

. Pro-inflammatory 


n e w 


55 kDa (TNF-R55; p55) 
75 kDa (TNF-R75; p75) 


l. Cachexia 

2. Cerebral malaria 

3. Multiple sclerosis 

4. Rheumatoid arthritis 
5. Crohn’s disease 


Cancer 





Lymphotoxin a 


6p21 

~3 kb 

4 

Proform: 205 


4 
171 


25 (mature) 
Glycosylated N96, (T41) 


5.8 
None 


Homotrimer. Antiparallel B-pleated 
sheet sandwich 


1. T cells 
2. B cells 


1. Lymphoid organogenesis 

2. Immune response regulation 
3. Cytotoxic for tumor cells 

4. Antiviral 


55 kDa (TNF-R55; p55) 
75 kDa (TNE-R75; p75) 


Lymphotoxin B 


6p21 
~2 kb 
4 

244 


171 


33 
Potential N222 


325 


None 
Heterotrimer 


LT-a 182 O1LT-a2B2 


1. T cells 
27B cells 


1. Lymphoid organogenesis 
2. Immune response regulation 
3. Cytotoxic for some tumor lines 


61 kDa 
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IFN-a, -B, -œ 


9 p21-pter 
1.1-1.3 kb 

l 

Proform: 189 


166 


a, 18.5; B, 23 (glycosylated form) 
HvlFN-a subtype, mainly 
nonglycosylated 

HvIFN-B and HulFN-@-N-linked 
glycosylated 

3 


Two: 1-99; 29-139 


Monomer/5 a-helices 


. Leukocytes (a and 0) 

. Fibroblasts (B) 

. Epithelial cells (B) 

. Endothelial cells (B) 

. Antiviral actions 

. Antiproliferative action/ 

Antitumor 

3. lmmunoregulatory actions e.g. 
NK cell enhanced cytotoxicity 

4, MHC antigen, upregulation of 
expression 

5. Antimicrobial actions 

œ chain: 110-130 kDa 

B chain: 95 kDa 


Ne BP WwW dN be 


l. Various autoimmune disorders, 
eee, SLE 

2. AIDS 

3. Graft versus host disease 


. Certain cancers 

. Hepatitis B, C 

. Multiple sclerosis (B only) 

. Genital warts 

. AIDS-related Kaposi sarcoma 

. Hematological disorders, e.g., 
polycythemia vera 


Aan PP WN = 
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Cytokine 


IFN-y 


Oncostatin M 


eee 


Location of gene (chromosome, etc.) 
Gene size 

Number of exons 

Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 
Glycosylated /nonglycosylated 
(glycosylation sites) 


pl 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 


&-helices, etc.) 
Cell sources 


Functions 


Receptor structure (e.g. o-chain 
30 kDa, B-chain 130 kD) 


Associated pathological disorders 


Therapeutic uses 


12p12.05 qter 
4.5 kb 

4 

Proform: 166 


143 i 


17.147 kDa (monomer) 
Two sites: Asn-X-Ser/Thr; 
residues 25—27 

9799 


None 


Dimer 


. Monocytes-macrophages 
. Dendritic cells 

-T cells 

. NK cells 


e WO N e 


. MHC class II expression 

. Macrophage activation 

. NK cell activation 

. T cell activation 

. Immunoglobulin isotype regulation 

. Antiviral, antibacterial and 
antiparasite host defence 


Nn PP WH Fe 


&-chain: 54 kDa unglycosylated 
90 kDa glycosylated 
B-chain: 35 kDa unglycosylated 


1. Autoimmunity 


1. Infection with Leishmania and 
Toxoplasma 


22q12 (human), 11 (mouse) 
5 kb 

3 

Proform: 227 


196 


~28 

Two N-linked sites, one 
glycosylated, plus O linked 
glycosylation 

295 

Two S-S bonds; 5 cysteines 
(human). Two S-S (mouse and 
bovine) 

Monomer, 4 &-helical bundles 


l. Activated T cells (human) 

2. Monocytes, macrophages 
(human) 

3. Kaposi cells (human) 

4. Bone marrow (mouse) 

5. Spleen (mouse) 


1. Modulation of cell growth 

2. Regulation of inflammatory 
proteins 

3. Hematopoietic factor 

4. T cell development factor 

5. Regulation of cholesterol 
metabolism 

6. Modulation of bone 
metabolism 

7. Neurotrophic factor 

8. Differentiation factor 

&-chain (not published), 

B-chain 130 kDa 


1. Kaposi’s sarcoma 
2. Myeloma 


l. Inhibition of inflammatory 
diseases 

2. Modulation of drug induced 
damage 

3. Treatment of breast cancer 

4. Treatment of cytopenias 
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TGFB1 


120913.2 

Unknown (Genbank accession no. X02812 mRNA) 
8 

Proform: 390 


? 


112 e 2727590) 


Monomer: 12.5 (active as dimer 25 kDa) 
Glycosylated in propeptide aa numbers 82, 136, 176 
Mature form not glycosylated 


Five: 7-16, 15-78, 44-109, 48-111, 77 interchain 


Homodimer: each subunit has 2 antiparallel B-sheets and 3 a-helices 
leading to unusual nonglobular fold and cysteine knot 

1. Most cells (secreted as latent complex) 

2. Platelets 

3. Fibroblasts 

4. Placenta 

5. Olfactory and other epithelia 

6. Hematopoietic and immune system 

7. Glioma, other tumors 


. Tissue remodeling 

. Wound repair 

. Regulation of cell growth 

. Embryonic development 

. Differentiation commitment 

. Regulates extracellular matrix 

. Immune suppression and inflammation 
. Tumor suppression 


CONIA 1 P WH NWN ES 


Heterodimers; type IJ binds ligand, recruits, and phosphorylates 
type I, which phosphorylates and activates signaling pathways 


. Fibrosis 

. Immunosuppression 

. Tumor development 

. Autoimmunity 

. Inflammatory diseases 

. Angiogenesis 

. Myeloproliferation 

Bone marrow protective agent* 
Bone remodeling* 

. Tumor suppression * 

mE EDIOSIS” o 

. Block cardiac pathology* 
. Immune activator** 

: agonist; **: antagonist 


AAMPRWNHYENAN DWN = 


RANTES 


17q11.2-12 
~7 kb 

3 

Proform: 91 


68 


7 847 
O-linked at serines 4 and 5 


I5 
Two: 10-34, 11-51 


Probably dimer 


. T cells 

. Monocytes 

. Natural killer cells 

. Fibroblasts 

. Epithelial cells 

. Endothelial cells 

. Megakaryocytes 

. Basophils 

. Fetal kidney 

. T cell chemotaxis and proliferation 
. Monocyte chemotaxis 

. Basophil chemotaxis and activation 
. Eosinophil chemotaxis and activation 
. Natural killer cell chemotaxis 


MP WN Fr OON A TP WN = 


Seven-membrane-spanning 


CCR CCR3, CCR4, CCR5 


. Transplant rejection 

. Rheumatoid arthritis 

. Sarcoidosis 

. Endometriosis 

. Glomerulonephritis 

. Allergy 

. Atherosclerosis 

. Suppression of HIV replication 


m= NA OH PR WN em 
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Cytokine 


ENA-78 


NAP2 


Eee, 


Location of gene (chromosome, etc.) 


Gene size 

Number of exons 

Protein produced mature or 
proform (number of amino acids 
in proform) 

Number of amino acids in mature 
form 

Molecular mass (kDa) 
Glycosylated /nonglycosylated 
(glycosylation sites) 

pl 

Number of S-S bonds and amino 
acid sites 

Basic structure (monomer/dimer, 
a-helices, etc.) 

Cell sources 


Functions 


Receptor structure (e.g. &-chain 
30 kDa, B-chain 130 kD) 


Associated pathological disorders 


Therapeutic uses 


4q13-21 

2 5K65 

t 

Proform: 114 


78 i 


8.357 
Nonglycosylated 


8.73 
Two: 13-39; 15-55 


Similar to IL-8 


. Epithelial cells 

. Fibroblasts 

. Endothelial cells 
. Monocytes 


A WN = 


l. Neutrophil activation: chemotaxis, 
enzyme release, calcium flux, 
respiratory burst 

2. Endothelial cells. proliferation, 
chemotaxis 


Acts via IL-8R2 


l1. Rheumatoid arthritis 
2. Ischemia-reperfusion injury 


35- ARDS 


4. Pneumonic pasteurellosis 


Chrom. 4q12-21 
1.139 kb 

3 

Proform: 128 


70 

7.628 
Nonglycosylated 
8.7 i 


Two: 5-31; ppp 
Monomer 


l. Platelets 


l. Neutrophil activation: chemotaxis, 
enzyme release, calcium flux, 
respiratory burst 

2. Endothelial cells. proliferation, 
chemotaxis 


Acts via IL-8R2 


1. Heparin-associated 
thrombocytopenia 
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Macrophage Inflammatory Protein 1-a 


17q1 1-21 

Human: 2.057 kb; Mouse: 1.921 kb 
Two, 688 and 420 nucleotides 

92 amino acids prior to secretion 


5 


4 
70 


7 .787.6 

No N-linked sites; a putative O-linked site, 
non-glycosylated 

4.6 

Two: 11-35; 12-51 


Dimer, though probably active as monomer, 
aggregated states observed; see text 

Inducible in macrophages, PMNs, T cells, eosinophils, 
mast cells, basophils, platelets, constitutive in 
Langerhans cells 


Modulation of macrophage function, activation of 
basophils or mast cells, recruitment of eosinophils, 
recruitment of lymphocytes, modulation of T cell 
adherence. Inhibition of stem cell proliferation, 
stimulation of mature progenitor proliferation. 
Inhibition of keratinocyte proliferation. For other 
@etMvities, sce text 

Single chain, seven helical membrane-spanning 
domains, coupled to heterotrimeric G-protein 


Inflammatory lung disease, autoimmune encephalitis, 
rheumatoid arthritis, collagen-induced arthritis, 
bacterial meningitis, cutaneous inflammation, 
cutaneous leishmaniasis. For other associations, 

See 1eXt 


Protein or antagonists in rheumatoid arthritis, multiple 


sclerosis. Receptor antagonists in AIDS, 
hemoprotectant in cancer therapy 


MCP-1 MCP-2 MCP-3 
17q11.2-12 17q11.2-12 
2.5 kb 2.5 kb 2.5 kb 

3 ? 3 

Proform: 99 Proform: 77 Proform: 99 
76 76 76 

9-17 79 ll 

No N-sites; No N-sites; Unknown 
O-sites No O-sites 

10.6 10.8 10.9 

2: 11-63; 12-52 2: 11-36; 12-52 2: 11-36; 12-52 


Monomer or dimer depending on conditions 


1. Monocytes Osteosarcoma Osteosarcoma 
2. Fibroblasts Monocytes Monocytes 
3. Epithelial cells Fibroblasts Astrocytes 
4. Mesothelial cells 
5. Keratinocytes 
6. Melanocytes 
7. Lipocytes 

1. Monocyte chemotaxis 

2. Monocyte activation 

3. Activates basophils 

4, T cell chemotaxis 

5. NK cell cytolysis 

Seven spanning receptors 

CCR-1 CCR-2B CCR-1 
CCR-2B CCR-2B 
CCR-4 CCR-3 


1. Rheumatoid arthritis 
2. Osteoarthritis 

3. Asthma 

4. Pulmonary fibrosis 
5. Malignancy 

6. Psoriasis 

7. Inflammation 

None 
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Cytokine GROa GROB GROy 
Location of gene (chromosome, etc.) 4q12-21 

Gene size Not fully determined 

Number of exons ~ 4 2 

Protein produced mature or Proform: 107 Proform: 107 Proform: 106 


proform (number of amino acids 
in proform) 


Number of amino acids in mature 73 Ta! 73 
form 
Molecular mass (kDa) 7.894 ND ND 
Glycosylated/nonglycosylated Not reported 
(glycosylation sites) 
pl Š = a. 
Number of S-S bonds and amino Two Two Two 
acid sites 
Basic structure (monomer/dimer, Dimer ND ND 
a-helices, etc.) C terminal; o-helix 
Cell sources 1. Monocytes 

2. Neutrophils 

3. Endothelial cells 

4. Epithelial cells 

5. Keratinocytes 

6. Fibroblasts 

7. Astrocytes 

8. T cells 
Functions l. Neutrophil chemotaxis 

2. Neutrophil adherence 

3. IL-6 secretion by pituitary cells 

4. Prolactin secretion 
Receptor structure (e.g. @&-chain IL-8RI 
30 kDa, B-chain 130 kD) 1L-8R2 (see Chapter 8) 

DARC: 4 
Associated pathological disorders 1. Melanoma 


2. Renal carcinoma 

3. Bladder carcinoma 

4. Inflammation 

5. Allergy 

6. Psoriasis 

7. Crohn’s Disease 
Therapeutic uses None as yet 
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,, &, receptors Adrenoceptor 
subtypes 

a«,-ACT «,-Antichymotrypsin 
a«,-AP a,-antiproteinase also known as 
a,-antitrypsin and a,-proteinase 
inhibitor 

a,-AT «,-Antitrypsin inhibitor also 
known as a,-antiproteinase and 

a) -proteinase inhibitor 

a,-PI a,-Proteinase inhibitor also 
known as a,-antitrypsin and 

a, -antiproteinase 

a«,-AP o,-antiplasmin 

a«,-M a,-macroglobulin 

A Absorbance 

AI, AII Angiotensin I, II 

A Angstrom 

AA Arachidonic acid 

aa Amino acids 

AAb Autoantibody 

ABAP 2’ ,2’-azobis-2-amidino 
propane 

Ab Antibody 

Ab1 Idiotype antibody 

Ab2 Anti-idiotype antibody 

Ab2a Anti-idiotype antibody which 
binds outside the antigen binding 
region 

Ab2B Anti-idiotype antibody which 
binds to the antigen binding region 
Ab3 Anti-anti-idiotype antibody 
Abcc Antibody dependent cellular 
cytotoxicity 

ABA-L-GAT Arsanilic acid 
conjugated with the synthetic 
polypeptide L-GAT 

AC Adenylate cyclase 

ACAT Acyl-co-enzyme-A 
acyltransferase 

ACAID Anterior chamber-associated 
immune deviation 

ACE Angiotensin-converting enzyme 
ACh Acetylcholine 

ACTH Adrenocorticotrophin 
hormone 

ADCC Antibody-dependent cellular 
cytotoxicity 

ADH Alcohol dehydrogenase 

Ado Adenosine 

ADP Adenosine diphosphate 


ADPRT Adenosine diphosphate 
ribosyl transferase 

AES Anti-eosinophil serum 

Ag Antigen 

AGE Advanced Glycosylation end- 
product 

AGEPC 1-O-alkyl-2-acetyl-sn- 
glyceryl-3-phosphocholine; also known 
as PAF and APRL 

AH Acetylhydrolase 

AHP after-hyperpolarization 

AID Autoimmune disease 

AIDS Acquired immune deficiency 
syndrome 

A/J A Jackson inbred mouse strain 
ALI Acute lung injury 

ALP Anti-leukoprotease 

ALS Amyotrophic lateral sclerosis 
cAMP Cyclic adenosine 
monophosphate also known as 
adenosine 3’,5'-phosphate 

AM Alveolar macrophage 

AML Acute myelogenous leukemia 
AMP Adenosine monophosphate 
AMVN 2,2'-azobis (2,4- 
dimethylvaleronitrile) 

ANAb Anti-nuclear antibodies 
ANCA Anti-neutrophil cytoplasmic 
auto antibodies 

cANCA Cytoplasmic ANCA 
pANCA Perinuclear ANCA 

AND Anaphylactic degranulation 
ANF Atrial natriuretic factor 

ANP Atrial natriuretic peptide 
Anti-I-A, Anti-I-E Antibody against 
class II MHC molecule encoded by 
I-A locus, I-E locus 

anti-Ig Antibody against an 
immunoglobulin 

anti-RTE Anti-tubular epithelium 
AP-1 Activator protein-1 

APA B-azaprostanoic acid 

APAS Antiplatelet antiserum 

APC Antigen-presenting cell 

APD Action potential duration 
apo-B Apolipoprotein B 

APP Acute-phase protein 

APRE Acute-phase response element 
APRL Anti-hypertensive polar renal 
lipid also known as PAF 


APTT Activated partial 
thromboplastin times 

APUD Amine precursor uptake and 
decarboxylation 

AR Aldose reductase 

AR-CGD Autosomal recessive form 
of chronic granulomatous disease 
ARDS Adult respiratory distress 
syndrome 

AS Ankylosing spondylitis 

ASA Acetylsalicylic acid also known as 
aspirin 

4-ASA, 5-ASA 4-, 5-aminosalicylic 
acid 

ATIII antithrombin III 
ATHERO-ELAM A monocyte 
adhesion molecule 

ATL Adult T cell leukaemia 

ATP Adenosine triphosphate 
ATPase Adenosine triphosphatase 
ATP ys Adenosine 3’ thiotriphosphate 
AITP Autoimmune 
thrombocytopenic purpura 

AUC Area under curve 

AVP Arginine vasopressin 


B,, B, receptors Adrenoceptor 
subtypes 

B, (CD18) A leukocyte integrin 
BM 8,-Microglobulin 

B-TG 8-Thromboglobulin 

B./BB, Known to be expressed on B 
cell blasts and immunostimulatory 
dendritic cells 

BAF Basophil-activating factor 
BAL Bronchoalveolar lavage 

BALF Bronchoalveolar lavage fluid 
BALT Bronchus-associated lymphoid 
tissue 

B cell Bone marrow-derived 
lymphocyte 

BCF Basophil chemotactic factor 
B-CFC Basophil colony-forming cell 
BCG Bacillus Calmette-Guérin 
BCNU 1,3-bis (2- 
chloroethyl)-1-nitrosourea 

bFGF Basic fibroblast growth factor 
BFU Burst-forming unit 

Bg Birbeck granules 

BHR Bronchial hyperresponsiveness 
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BHT Butylated hydroxytoluene 
b.i.d. Bis in die (twice a day) 

BK Bradykinin 

BK,, BK, reeeptors Bradykinin 
receptor subtypes also known as B, 
and B, receptors 

B1-CFC Blast colony-forming cells 
B-lymphocyte Bursa-derived 
lymphocyte 

BM Bone marrow 

BMCMC Bone marrow cultured 
mast cell 

BMMC Bone marrow mast cell 
BOC-FMLP Butoxycarbonyl-FMLP 
BAEC Bovine aortic endothelial cells 
bp Base pair 

BPAEC Bovine pulmonary artery 
endothelial cells 

BPB Para-bromophenacyl bromide 
BPI Bacterial permeability-increasing 
protein 

BSA Bovine serum albumin 

BSS Bernard-Soulier Syndrome 
B-TCGEFE B cell-derived T ceil growth 
factor 


51Cr Chromium’? 

Cl, C2... C9 The 9 main 
components of complement 

C1 inhibitor A serine protease 
inhibitor which inactivates Clr/Cls 
Clq Complement fragment lq 
C1lqR Receptor for Clw; facilitates 
attachment of immune complexes to 
mononuclear leucocytes and 
endothelium 

C3a Complement fragment 3a 
(anaphylatoxin) 

C3a,,_,, A synthetic carboxyterminal 
peptide C3a analog 

C3aR Receptor for anaphylatoxins, 
C34 G4a SC 5a 

C3b Complement fragment 3b 
(anaphylatoxin) 

C3bi Inactivated form of C3b 
fragment of complement 

C4b Complement fragment 4b 
(anaphylatoxin) 

C4BP C4 binding protein; plasma 
protein which acts as co-factor to 
factor l inactivate C3 convertase 
C5a Complement fragment 5a 
(anaphylatoxin) 

C5aR Receptor for anaphylatoxins 
C3a, C4a and C5a 

C5b Complement fragment 5b 
(anaphylatoxin) 

C.2, C,3, C,4 Heavy chain of 
immunoglobulin E: domains 2, 3 and 4 
Ca The chemical symbol for calcium 
[Ca**], Intracellular free calcium 
concentration 

CAH Chronic active hepatitis 
CALLA Common lymphoblastic 


leukemia antigen 


CALT Conjunctival associated 
lymphoid tissue 

CaM Calmodulin 

CAM Cell adhesion molecule 

eAMP Cyclic adenosine 
monophosphate also known as 
adenosine 3’,5'-phosphate 
CaM-PDE Ca?’ /CaM-dependent 
PDE 

CAP57 Cationic protein from! 
neutrophils 

CAT Catalase 

CatG Cathepsin G 

CB Cytochalasin B 

CBH Cutaneous basophil 
hypersensitivity 

CBP Cromolyn-binding protein 
CCK Cholecystokinin 

CCR Creatinine clearance rate 

CD Cluster of differentiation (a 
system of nomenclature for surface 
molecules on cells of the immune 
system); cluster determinant 

CD1 Cluster of differentiation 1 also 
known as MHC class 1-like surface 
glycoprotein 

CD 1a Isoform a also known as 
non-classical MHC class ]-like surface 
antigen; present on thymocytes and 
dendritic cells 

CD1b Known to be present on 
thymocytes and dendritic cells 

CD1c Isoform c also known as 
non-classical MHC class 1-like surface 
antigen; present on thymocytes 

CD2 Defines T cells involved in 
antigen non-specific cell activation 
CD3 Also known as T cell 
receptor-associated surface 
glycoprotein on T cells 

CD4 Defines MHC class 1]-restricted 
T cell subsets 

CD5 Known to be present on T cells 
and a subset of B cells; also known as 
Lyt 1 in mouse 

CD7 Cluster of differentiation 7; 
present on most T cells and NK cells 
CD8 Defines MHC class ]-restricted 
T cell subset; present on NK cells 
CD10 Known to be common acute 
leukemia antigen 

CD1la Known to be an a chain of 
LFA-1 (leucocyte function antigen- 1) 
present on several types of leukocyte 
and which mediates adhesion 
CD11c Known to be a complement 
receptor 4 a chain 

CD13 Aminopeptidase N; present on 
myeloid cells 

CD14 Known to be a lipid-anchored 
glycoprotein; present on monocytes 
CD15 Known to be Lewis X, 

fucosyl- N-acetyllactosamine 

CD16 Known to be Fcy receptor 111 
CD16-1, CD16-2 Isoforms of CD16 


CD19 Recognizes B cells and 
follicular dendritic cells 

CD20 Known to be a pan B cell 
CD21 C3d receptor 

CD23 Low affinity FceR 

CD25 Low affinity receptor for 
interleukin-2 

CD27 Present on T cells and plasma 
cells 

CD28 Present on resting and 
activated T cells and plasma cells 
CD30 Present on activated B and T 
cells 

CD31 Known to be on platelets, 
monocytes, macrophages, 
granulocytes, B-cells and endothelial 
cells; also known as PECAM 

CD32 Fey receptor 11 

CD33" Known to bea monocyte and 
stem cell marker 

CD34 Known to be a stem cell marker 
CD35 C3b receptor 

CD36 Known to be a macrophage 
thrombospondin receptor 

CD40 Present on B cells and follicular 
dendritic cells 

CD41 Known to.be a platelet 
glycoprotein 

CD44 Known to be a leukocyte 
adhesion molecule; also known as 
hyaluronic acid cell adhesion molecule 
(H-CAM), Hermes antigen, 
extracellular matrix receptor III 
(ECMII1); present on 
polymorphonuclear leukocytes 

CD45 Known to be a pan leukocyte 
marker 

CD45RO Known to be the isoform of 
leukosialin present on memory T cells 
CD46 Known to be a membrane 
cofactor protein 

CD49 Cluster of differentiation 49 
CD51 Known to be vitronectin 
receptor alpha chain 

CD54 Known to be Intercellular 
adhesion molecule-1 also known as 
ICAM-1 

CD57 Present on T cells and NK subsets 
CD58 A leukocyte function-associated 
antigen-3, also known to be a member 
of the B-2 integrin family of cell 
adhesion molecules 

CD59 Known to be a low molecular 
weight HRf present to many 
hematopoietic and 
non-hematopoietic cells 

CD62 Known to be present on 
activated platelets and endothelial 
cells; also known as P-selectin 

CD64 Known to be Fcy receptor I 
CD65 Known to be fucoganglioside 
CD68 Present on macrophages 
CD69 Known to be an activation 
inducer molecule; present on activated 
lymphocytes 





CD72 Present on B-lineage cells 
CD74 An invariant chain of class II B 
cells 

CDC Complement-dependent 
cytotoxicity 

cDNA Complementary DNA 

CDP Choline diphosphate 

CDR Complementary-determining 
region, * 

CE? n determinant xy 
CEA Carcinoembryonic antigen 
CETAF Corneal epithelial T cell 
activating factor 

CF Cystic fibrosis 

Cf Cationized ferritin 

CFA Complete Freund’s adjuvant 
CFC Colony-forming cell 

CFU Colony-forming unit 
CFU-Mk Megakaryocyte 
progenitors 

CFU-S Colony-forming unit, spleen 
CGD Chronic granulomatous disease 
CHAPS 3-[(3-cholamidopropy]l)- 
dimethylammonio ]-l-propane 
sulphonate 

cGMP Cyclic guanosine 
monophosphate also known as 
guanosine 3',5'-phosphate 

CGRP Calcitonin gene-related 
peptide 

CH Cycloheximide 

CH2 Hinge region of human 
immunoglobulin 

CHO Chinese hamster ovary 

CI Chemical ionization 

CIBD Chronic inflammatory bowel 
disease 

CK Creatine phosphokinase 

CKMB The myocardial-specific 
isoenzyme of creatine phosphokinase 
Cl The chemical symbol for chlorine 
CL Chemiluminescent 

CLA Cutaneous lymphocyte antigen 
CL18/6 Anti-ICAM-1 monoclonal 
antibody 

CLC Charcot—Leyden crystal 

CMC Critical micellar concentration 
CMI Cell mediated immunity 

CML Chronic myeloid leukemia 
CMV Cytomegalovirus 

CNTF Ciliary neurotrophic factor 
[“h” for British] 

CNS Central nervous system 

CO Cyclooxygenase 

CoA Coenzyme A 

CoA-IT Coenzyme A — independent 
transacylase 

Con A Concanavalin A 

COPD Chronic obstructive 
pulmonary disease 

COS Fibroblast-like kidney cell line 
established from simian cells 

CoVF Cobra venom 

CP Creatine phosphate 

Cp Caeruloplasmin 


c.p.m. Counts per minute 

CPJ Cartilage /pannus junction 

Cr The chemical symbol for chromium 
CR Complement receptor 

CRI, CR2 & CR4 Complement 
receptor types 1, 2 and 4 

CR3-a Complement receptor type 
3-a 

CRE cAMP-responsive element 
CRF Corticotropin-releasing factor 
CRH Corticotropin-releasing 
hormone 

CRI Cross-reactive idiotype 

CRP C-reactive protein 

CSA Cyclosporin A 

CSF Colony-stimulating factor 
CSS Churg-Strauss syndrome 

CT Computed tomography 
CTAP-IIT Connective 
tissue-activating peptide 

CTD Connective tissue diseases 

C terminus Carboxy terminus of 
peptide 

CThp Cytotoxic T lymphocyte 
precursors 

CTL Cytotoxic T lymphocyte 
CTLA-4 Known to be co-expressed 
with CD20 on activated T cells 
CTMC Connective tissue mast cell 
CVF Cobra venom factor 


2D Second derivative 

Da Dalton (the unit of relative 
molecular mass) 

DAF Decay-accelerating factor 
DAG Diacylglycerol 

DAO Diamine oxidase 

b-Arg D-Arginine 
pArg-[Hyp’,pPhe’]-BK A 
bradykinin B, receptor antagonist. 
Peptide derivative of bradykinin 
pArg-[Hyp*, Thi’, pTic’, Tie’ ]-BK A 
bradykinin B, receptor antagonist. 
Peptide derivative of bradykinin 
DBNBS 3,5-dibromo-4-nitroso- 
benzenesulphonate 

DC Dendritic cell 

DCF Oxidized DCFH 

DCFH 2',7'-dichlorofluorescin 
DEC Diethylcarbamazine 

DEM Diethylmaleate 
desArg’-BK Carboxypeptidase N 
product of bradykinin 
desArg'°KD Carboxypeptidase N 
product of kallidin 

DETAPAC 
Diethylenetriaminepentaacetic acid 
Dex Dexamethasone 

DFMO o1-Difluoromethy! ornithine 
DFP Diisopropyl fluorophosphate 
DFX Desferrioxamine 

DGLA Dihomo-y-linolenic acid 
DH Delayed hypersensitivity 
DHA Docosahexaenoic acid 
DHBA Dihydroxybenzoic acid 
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DHR Delayed hypersensitivity reaction 
DIC Disseminated intravascular 
coagulation 

DL-CFU Dendritic cell/Langerhans 
cell colony forming 

DLE Discoid lupus erythematosus 
DMARD Disease-modifying anti- 
rheumatic drug 

DME N, N-dimethylformamide 
DMPO 5,5-dimethyl-l-pyrroline 
N-oxide 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 
D-NAME pD-Nitroarginine methyl 
ester 

DNase Deoxyribonuclease 

DNCB Dinitrochlorobenzene 

DNP Dinitrophenol 

Dpt4 Dermatophagoides pteronyssinus 
allergen 4 

DGW2, DR3, DR7 HLA phenotypes 
DREG-56 (Antigen) L-selectin 
DREG-200 A monoclonal antibody 
against L-selectin 

ds Double-stranded 

DSCG Disodium cromoglycate 
DST Donor-specific transfusion 
DTH Delayed-type hypersensitivity 
DTPA Diethylenetriamine 
pentaacetate 

DTT Dithiothreitol 

dv/dt Rate of change of voltage 
within time 


e Molar absorption coefficient 

EA Egg albumin 

EACA Epsilon-amino-caproic acid 
EAE Experimental autoimmune 
encephalomyelitis 

EAF Eosinophil-activating factor 
EAR Early phase asthmatic reaction 
EAT Experimental autoimmune 
thyroiditis 

EBV Epstein-Barr virus 

EC Endothelial cell 

ECD Electron capture detector 
ECE Endothelin-converting enzyme 
E-CEF Eosinophil cytotoxicity 
enhancing factor 

ECF-A Eosinophil chemotactic factor 
of anaphylaxis 

ECG Electrocardiogram 

ECGF Endothelial cell growth factor 
ECGS Endothelial cell growth 
supplement 

E. coli Escherichia colt 

ECP Eosinophil cationic protein 
EC-SOD Extracellular superoxide 
dismutase 

EC-SOD C Extracellular superoxide 
dismutase C 

ED,, Effective dose producing 35% 
maximum response 

ED,, Effective dose producing 50% 


maximum response 
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EDF Eosinophil differentiation factor 
EDL Extensor digitorum longus 
EDN Eosinophil-derived neurotoxin 
EDRE Endothelium-derived relaxing 
factor 

EDTA Ethylenediamine tetraacetic 
acid also known as etidronic acid 

EE Eosinophilic eosinophils 

EEG Electroencephalogram 

EET Epoxyeicosatrienoic acid 

EFA Essential fatty acid 

EFS Electrical field stimulation 

EG1 Monoclonal antibody specific for 
the cleaved form of eosinophil cationic 
peptide 

EGF Epidermal growth factor 
EGTA Ethylene glycol- 
bis(B-aminoethyl ether) 

N,N,N’, N’-tetraacetic acid 

EHNA Erythro-9- 
(2-hydroxy-3-nonyl)-adenine 

EHV2 Equine herpes virus type 2 
EI Electron impact 

EIB Exercise-induced 
bronchoconstriction 

eIF-2 Subunit of protein synthesis 
initiation factor 

ELAM-1 Endothelial leukocyte 
adhesion molecule-] 

ELF Respiratory epithelium lung fluid 
ELISA Enzyme-linked 
immunoabsorbent assay 

EMS Eosinophilia-myalgia syndrome 
ENA Epithelial cell-derived 
neutrophil-activating protein 

ENS Enteric nervous system 

EO Eosinophil 

EO-CFC Eosinophil colony-forming 
cell 

EOR Early onset reaction also known 
as EAR 

EPA Eicosapentaenoic acid 

EpDIF Epithelial-derived inhibitory 
factor also known as epithelium-derived 
relaxant factor 

EPO Eosinophil peroxidase 

EPO Erythropoietin 

EPOR Erythropoietin receptor 

EPR Effector cell protease 

EPX Eosinophil protein X 

ER Endoplasmic reticulum 

ERCP Endoscopic retrograde 
cholangiopancreatography 

E-selectin Endothelial selectin 
formerly known as endothelial 
leukocyte adhesion molecule-1 
(ELAM-1) 

ESP Eosinophil stimulation promoter 
ESR Erythrocyte sedimentation rate 
e.s.r. Electron spin resonance 

ET, ET-1 Endothelin, -1 

ETYA Eicosatetraynoic acid 


FA Fatty acid 
FAB Fast-electron bombardment 


Fab Antigen binding fragment 
F(ab’), Fragment of an 
immunoglobulin produced pepsin 
treatment 

FACS Fluorescence activated cell 
sorter 

factor B Serine protease in the C3 
converting enzyme of the alternative 
pathway 

factor D Serine protease which cleaves 
factor B 

factor H Plasma protein which acts as 
a co-factor to factor I 

factor I Hydrolyses C3 converting 
enzymes with the help of factor H 
FAD Flavine adenine dinucleotide 
FapyAde 5-formamido-4,6-diamino- 
pyrimidine 

FapyGua 2,6-diamino-4-hydroxy-5- 
formamidopyrimidine 

FBR Fluorescence photobleaching 
recovery 

Fe Crystallizable fraction of 
immunoglobulin molecule 

Fcy Receptor for Fc portion of IgG 
FeyRI Ig Fc receptor I also known as 
CD64 

FeyRII Ig Fc receptor II also known 
as CD32 

FeyRIII Ig Fe receptor III also known 
as CD16 

Fe RI High affinity receptor for IgE 
Fe RIT Low affinity receptor for IgE 
FcR Receptor for Fc region of 
antibody 

FCS Foetal calf (bovine) serum 
FEV, Forced expiratory volume in 1 
second 4 

Fe-TPAA Fe(IIT)-tris[ N-(2- 
pyridylmethyl)-2-aminoethyl ]amine 
Fe-TPEN Fe (II)-tetrakis- 

N, N,N’ ,,N’,-(2-pyridyl methyl-2- 
aminoethyl )amine 

FFA Free fatty acids 

FGF Fibroblast growth factor 

FID Flame ionization detector 
FITC Fluorescein isothiocyanate 
FKBP FK506-binding protein 
FLAP 5-lipoxygenase-activating 
protein 

FMLP N-Formyl-methionyl-leucyl- 
phenylalanine 

FNLP 

Formyl-norleucyl-leucyl- 
phenylalanine 

FOC Follicular dendritic cell 

FPLC Fast protein liquid 
chromatography 

FPR Formyl peptide receptor 

FS cell Folliculo-stellate cell 

FSG Focal sequential 
glomerulosclerosis 

FSH Follicle stimulating hormone 
FX Ferrioxamine 

5-FU 5-fluorouracil 


Ga G-protein 

G6PD Glucose 6-phosphate 
dehydrogenase 

GABA y-Aminobutyric acid 

GAG Glycosaminoglycan 

GALT Gut-associated lymphoid tissue 
GAP GTPase-activating protein 
GBM Glomerular basement membrane 
GC Guanylate cyclase 

GC-MS Gas chromatography mass 
spectroscopy 

G-CSF Granulocyte colony- 
stimulating factor 

GDP Guanosine 5’-diphosphate 
GEC Glomerular epithelial cell 
GEMSA guanidinoethylmercapto- 
succinic acid ` 

GF-1 An insulin-like growth factor 
GFR Glomerular filtration rate 

GH Growth hormone 

GH-RF Growth hormone-releasing 
factor 

Gi Family of pertussis toxin sensitive 
G-proteins mi 
GI Gastrointestinal 

GIP Granulocyte inhibitory protein 
GlyCam-1 Glycosylation-dependent 
cell adhesion molecule-1 

GMC Gastric mast cell 

GM-CFC Granulocyte-macrophage 
colony-forming cell 

GM-CSF Granulocyte-macrophage 
colony-stimulating factor 

GMP Guanosine monophosphate 
(guanosine 5’-phosphate) 

Go Family of pertussis toxin sensitive 
G-proteins 

GP Glycoprotein 

gp45-70 Membrane co-factor protein 
gp90"*" 90 kDa glycoprotein 
recognized by monoclonal antibody 
MEL-14; also known as L-selectin 
GPIIb-IIIa Glycoprotein IIb-IIIa 
known to be a platelet membrane 
antigen 

GppCH,P Guanyl-methylene 
diphosphanate also known asa stable 
GTP analog 

GppNHp 
Guanylyl-imidiodiphosphate also 
known asa stable GTP analog 

GR Glucocorticoid receptor 
GRGDSP 
Glycine-arginine—glycine—aspartic 
acid-serine—proline 

Gro Growth-related oncogene 
GRP Gastrin-related peptide 

Gs Stimulatory G protein 

GSH Glutathione (reduced) 
GSHPx Glutathione perioxidase 
GSSG Glutathione (oxidized) 

GT Glanzmann Thrombasthenia 
GTP Guanosine triphosphate 
GTP-y-S Guanosine5' O-(3- 
thiotriphosphate ) 


GTPase Guanosine triphosphatase 
GVHD Graft-versus-host-disease 
GVHR Graft-versus-host-reaction 


H Histamine 

H,, H,, H; Histamine receptor types 
I, 2 and 3 

H,O, The chemical symbol for 
hydrogen peroxide 

HAE Hereditary angiodema 

Hag Hemagglutinin 

Hag-1, Hag-2 Cleaved 
hemagglutinin subunits-1], -2 

H & E Hematoxylin and eosin 

hIL Human interleukin 

Hb Hemoglobin 

HBBS Hank’s balanced salt solution 
HCA Hypertonic citrate 

H-CAM Hyaluronic acid cell 
adhesion molecule 

HDC Histidine decarboxylase 

HDL High-density lipoprotein 
HEL Hen egg white lysozyme 
HEPE Hydroxyeicosapentanoic acid 
HEPES N-2- 
Hydroxylethylpiperazine- N’-2-ethane 
sulphonic acid 

HES Hypereosinophilic syndrome 
HETE 5,8,9,11,12 and 15 
Hydroxyeicosatetraenoic acid 
5(S)HETE A stereo isomer of 

5-H BPE 

HETrE Hydroxyeicosatrienoic acid 
HEV High endothelial venule 

HF Hageman factor 

HFN Human fibronectin 

HGF Hepatocyte growth factor 
HHTTrE I12($)-Hydroxy-5,8,I0- 
heptadecatrienoic acid 

HIV Human immunodeficiency virus 
HL60 Human promyelocytic 
leukemia cell line 

HLA Human leukocyte antigen 
HLA-DR2 Human 
histocompatability antigen class II 
HMG CoA Hydroxylmethylglutaryl 
coenzyme A 

HMT Histidine methyltransferase 
HMVEC Human microvascular 
endothelial cell 

HMW High molecular weight 
HMWK Higher molecular weight 
kininogen 

HNC Human neutrophil collagenase 
(MMP-8) 

HNE Human neutrophil elastase 
HNG Human neutrophil gelatinase 
(MMP-9) 

HODE Hydroxyoctadecanoic acid 
HO. Hydroxy] radical 

HO, Perhydroxyl radical 

HPETE, 5-HPETE & 15-HPETE 
5 and I5 Hydroperoxyeicosatetraenoic 
acid 


HPETrE Hydroperoxytrienoic acid 


HPODE Hydroperoxyoctadecanoic 
acid 

HPLC High-performance liquid 
chromatography 

HPS Hantavirus pulmonary syndrome 
HRA Histamine-releasing activity 
HRAN Neutrophil-derived 
histamine-releasing activity 

HRf Homologous-restriction factor 
HRF Histamine-releasing factor 
HRP Horseradish peroxidase 

HSA Human serum albumin 

HSP Heat-shock protein 

HS-PG Heparan sulfate 
proteoglycan 

HSV, HSV-1 Herpes simplex 
virus, -I 

5-HT 5-Hydroxytryptamine also 
known as Serotonin 

HTLV-1 Human T-cell leukaemia 
virus- 1 

HUVEC Human umbilical vein 
endothelial cell 

[ Hyp* ]-BK Hydroxyproline derivative 
of bradykinin 

[ Hyp*]-KD Hydroxyproline 
derivative of kallidin 


Tn Indium’ 

i.a. intra-arterial 

Ia immune reaction-associated antigen 
Ia+ Murine class IT major 
histocompatibility complex antigen 
IAP Intracisternal A particle 

IB4 Anti-CD18 monoclonal 
antibody 

IBD Inflammatory bowel disease 
IBMX 3-isobutyl- I -methylxanthine 
IBS Inflammatory bowel syndrome 
iC3 Inactivated C3 

iC4 Inactivated C4 

IC,, Concentration producing 50% 
inhibition 

Ic, Calcium current 

ICAM Intercellular adhesion 
molecules 

ICAM-1, ICAM-2, ICAM-3 
Intercellular adhesion molecules-I, 
-2, -3 

cICAM-] Circulating form of 
ICAM-I 

ICE IL-I8-converting enzyme 

i.d. Intradermal 

ID; Dose of drug required to inhibit 
response by 50% 

IDC Interdigitating cell 

IDD Insulin-dependent (type 1) 
diabetes 

IEL Intraepithelial leukocyte 
IELym Intraepithelial lymphocytes 
IFA Incomplete Freund’s adjuvant 
IFN Interferon 

IFNa, IEFNB, IFNy Interferons a, 
B, Y 


Ig Immunoglobulin 
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IgA, IgE, IgG, IgM 
Immunoglobulins A, E, G, M 
IgGl Immunoglobulin G class 1 
IgG2a Immunoglobulin G class 2a 
IGF-1 Insulin-like growth factor 
Ig-SF Immunoglobulin supergene 
family 

IGSS Immuno-gold silver stain 
IHC Immunohistochemistry 
IHES Idiopathic hypereosinophilic 
syndrome 

IkB NFkB inhibitor protein 

IL Interleukin 

IL-1, IL-2... IL-8 Interleukins-1, 2 
...°8 

IL-la, IL-1B Interleukin-la, -IB 
ILR Interleukin receptor 

IL-1R, IL-2R; IL-3R-IL-6R 
Interleukin 1-6 receptors 

IL-1 Ra Interleukin-1 receptor 
antagonist 

IL-2RB Interleukin-2 receptor B 
IME Integrin modulating factor 
IMMC Intestinal mucosal mast cell 
iNOS inducible NOS 

i.p. Intraperitoneally 

IP, Inositol monophosphate 

IP, Inositol biphosphate 

IP, Inositol 1,4,5-trisphosphate 
IP, Inositol tetrakisphosphate 

IPF Idiopathic pulmonary fibrosis 
IPO Intestinal peroxidase 
IpOCOCgq Isopropylidene OCOCq 
I/R Ischaemia-reperfusion 

IRAP IL-1 receptor antagonist 
protein 

IRF-1 Interferon regulatory factor 1 
I,. Short-circuit current 

ISCOM Immune-stimulating 
complexes 

ISGF3 Interferon-stimulated gene 
Factor 3 

ISGF3a, ISGFy a, y subunits of 
ISGF3 

IT Immunotherapy 

ITP Idiopathic thrombocytopenic 
purpura 

i.v. Intravenous 


K The chemical symbol for potassium 
K, Association constant 

kb Kilobase 4 
20KDHRE A homologous restfiction 
factor; binds to C8 

65KDHRE A homologous restriction 
factor, also known as C8 binding 
protein; interferes with cell membrane 
pore-formation by C5b-C8 complex 
Keat Catalytic constant; a measure of 
the catalytic potential of an enzyme 
K, dissociation constant 

kDa Kilodalton 

KD Kallidin 

K, Antagonist binding affinity 

Ki67 Nuclear membrane antigen 
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KLH Keyhole limpet hemocyanin 
K,,, Michaelis constant 
KOS KOS strain of herpes simplex 


virus 


Nmax Wavelength of maximum 
absorbance 

LAD Leukocyte adhesion deficiency 
LAF Lymphocyte-activating factor 
LAK Lymphocyte-activated killer 
(cell) 

LAM, LAM-1 Leukocyte adhesion 
molecule, -1 

LAR Late-phase asthmatic reaction 
L-Arg L-Arginine 

LBP LPS binding protein 

LC Langerhans cell 

LCF Lymphocyte chemoattractant 
factor 

LCMV Lymphocytic choriomeningitis 
virus 

LCR Locus control region 

LDH Lactate dehydrogenase 

LDL Low-density lipoprotein 

LDV Laser Doppler velocimetry 
Le* (Lewis X) Leukocyte ligand for 
selectin 

LFA Leukocyte function-associated 
antigen 

LFA-1 Leukocyte function-associated 
antigen-1; also known to be a member 
of the B-2 integrin family of cell 
adhesion molecules 

LG B-Lactoglobulin 

LGL Large granular lymphocyte 
LH Luteinizing hormone 

LHRH Luteinizing hormone- 
releasing hormone 

LI Labelling index 

LIF Leukemia inhibitory factor 
LIFRE LIF response element 

LIS Lateral intercellular spaces 
LMP Low molecular mass 
polypeptide 

LMW Low molecular weight 
LMWK Low molecular weight 
kininogen 

L-NOARG L- Nitroarginine 

LO Lipoxygenase 

9-LO, 12-LO, 15-LO 5-, 12-, 
15-Lipoxygenases 

LP(a) Lipoprotein (a) 

LPS Lipopolysaccharide 

L-seleetin Leukocyte selectin, formerly . 
known as monoclonal antibody that 
recognizes murine L-selectin 
(MEL-14 antigen), leukocyte cell 
adhesion molecule-1 (LeuCAM-1), 
lectin cell adhesion molecule-1 
(LeCAM-1 or LecCAM-1), leukocyte 
adhesion molecule-1 (LAM-1) 

LT Leukotriene 

LT lymphotoxin 

LIA,, LTB, LTC, LTD, LTE, 
Leukotrienes A,, B,, C,, Dy aman, 


L,- 1 (Gelling) 

LX Lipoxin 

LXA,, LXB,, LXC,, LXD,, LXE, 
pormi AmB; Ch Drand Pi 
Lys-BK Kallidin 


M Monocyte 

M3 Receptor Muscarinic receptor 
subtype 3 

M-540 Merocyanine-540  ! 

mAb Monoclonal antibody 

mAb IB4, mAb PB1.3, mAb R 3.1, 
mAb R 3.3, mAb 6.5, mAb 60.3 
Monoclonal antibodies [B4, PB1.3, R 
ey R3365 003 

MABP Mean arterial blood pressure 
MAC Membrane attack molecule 
Mac Macrophage (also abbreviated to 
MẸ) 

Mac- Macrophage-1 antigen; a member 
of the B-2 integrin family of cell 
adhesion molecules (also abbreviated to 
MP1), also known as monocyte antigen- 
1 (M-I), complement receptor-3 
(CR3), CD1Ib/CDI8 

MAF Macrophage-activating factor 
MAO Monoamine oxidase 

MAP Mitogen-activated protein 
MAP Monophasic action potential 
MAPK Mitogen-activated protein 
kinase 

MAPTAM An intracellular Ca2* 
chelator 

MARCKS Mpyristolated, alanine-rich 
C kinase substrate; specific protein 
kinase C substrate 

MBP Major basic protein 

MBSA Methylated bovine serum 
albumin 

MC Mesangial cells 

MCAO Middle cerebral artery occlusion 
M eell Microfold or membranous cell 
of Peyer’s patch epithelium 

MCGF Mast cell growth factor 

MCP Membrane co-factor protein 
MCP-1, 2, 3 Monocyte chemotactic 
protein-1, 2, 3 

M-CSF Monocyte/macrophage 
colony-stimulating factor 

MC, Tryptase-containing mast cell 
MC, Tryptase- and chymase- 
containing mast cell 

MDA Malondialdehyde 

MDCK Madin Darby Canine kidney 
MDGF Macrophage-derived growth 
factor 

MDP Muramy!l dipeptide 

MEA Mast cell growth-enhancing 
activity 

MEL Metabolic equivalent level 
MEM Minimal essential medium 
MG Myasthenia gravis 

MGI-2 Macrophage granulocyte 
inducing factor-2 

MGSA Melanocyte-growth- 


stimulatory activity 

MGTA DL2-mercaptomethy]l-3- 
guanidinoethylthio-propanoic acid 
MHC Major histocompatibility 
complex 

MI Myocardial ischaemia 

MIF Migration inhibition factor 
mIL Mouse interleukin 

MIP-la@ Macrophage inflammatory 
protein la 

MI/R Myocardial 
ischaemia/reperfusion 

MIRL Membrane inhibitor of 
reactive lysis 

mix-CFC Colony-forming cell mix 
Mk Megakaryocyte 

MLC Mixed lymphocyte culture 
MLymR Mixed lymphocyte reaction 
MLR Mixed leukocyte reaction 
mmLDL Minimally modified low- 
density lipoprotein 

MMC Mucosal mast cell 

MMCP Mouse mast cell protease 
MMP, MMP 1 Matrix 
metalloproteinase, -1 

MNA 6-Methoxy-2-napthylacetic acid 
MNC Mononuclear cells 

M® Macrophage (also abbreviated to 
Mac) 

MPG N-(2-mercaptopropionyl)- 
glycine 

MPLV Mvyeloproliferative leukemia 
virus 

MPO Myeloperoxidase 

MPSS Methyl prednisolone 

MPTP N-methyl-4-phenyl-1,2,3,6- 
tetrahydropyridine 

MRI Magnetic resonance imaging 
mRNA Messenger ribonucleic acid 
MS Mass spectrometry 

MSAP Mean systemic arterial pressure 
MSS Methylprednisolone sodium 
succinate 

MT Malignant tumor 

MW Molecular weight 


Na The chemical symbol for sodium 
NA Noradrenaline also known as 
norepinephrine 

NAAb Natural autoantibody 

NAb Natural antibody 

NAC N-acetylcysteine 

NADH Reduced nicotinamide 
adenine dinucleotide 

NADP Nicotinamide adenine 
diphosphate 

NADPH Reduced nicotinamide 
adenine dinucleotide phosphate 
NAF Neutrophil activating factor 
L-NAME L-Nitroarginine methyl ester 
NANC Non-adrenergic, 
non-cholinergic 

NAP Neutrophil-activating peptide 
NAPQI N-acetyl-p-benzoquinone 


imine 





NAP-1, NAP-2 Neutrophil-activating 
peptides -1 and -2 

NBT Nitro-blue tetrazolium 

NC1 Non-collagen 1 

N-CAM Neural cell adhesion molecule 
NCEH Neutral cholesteryl ester 
hydrolase 

NCE Neutrophil chemotactic factor 
NDGA’ Nordihydroguaretic acid 
NDP Nucleoside diphosphate 
Neca 5’-( N-ethyl carboxamido)- 
adenosine 

NED Nedocromil sodium 

NEP Neutral endopeptidase (EC 
3.4.24.11) 

NE-AT Nuclear factor of activated T 
lymphocytes 

NFkB Nuclear factor-xB 

NgCAM Neural-glial cell adhesion 
molecule 

NGF Nerve growth factor 

NGPS Normal guinea-pig serum 
NIH 3T3 (fibroblasts) National 
Institute of Health 31T3-Swiss albino 
mouse fibroblast 

NIMA Non-inherited maternal 
antigens 

NIRS Near infrared spectroscopy 
Nk Neurokinin 

NK Natural killer 

Nk-1, Nk-2, Nk-3 Neurokinin 
receptor subtypes 1, 2 and 3 

NkA Neurokinin A 

NkB Neurokinin B 

NLS Nuclear location sequence 
NMA N-monomethyl-L-arginine [IF 
+ L-NMMA] 

NMDA N-methyl-D-aspartic acid 
L-NMMA L-Nitromonomethyl 
arginine 

NMR Nuclear magnetic resonance 
NNA No-nitro-L-arginine 
1,N?-NET 8-(2-Naphthyl-1,N- 
etheno 

1,N?-PET 8-Phenyl-1,N*-etheno 
NO The chemical symbol for nitric oxide 
NOD Non-obese diabetic 

NOS Nitric oxide synthase 

c-NOS Ca’ -dependent constitutive 
form of NOS 

i-NOS Inducible form of NOS 
NPK Neuropeptide K 

NPY Neuropeptide Y 

NRS Normal rabbit serum 

NSAID Non-steroidal 
anti-inflammatory drug 

NSE Nerve-specific enolase 

NT Neurotensin 

N terminus Amino terminus of 
peptide 


"AO, Singlet Oxygen (Delta form) 
‘LO, Singlet Oxygen (Sigma form) 
O; The chemical symbol for the 
superoxide anion radical 


OA Osteoarthritis 

OAG Oleoyl acetyl glycerol 

OD Optical density 

ODC Ornithine decarboxylase 
ODFR Oxygen-derived free radical 
ODS Octadecylsilyl 

OH The chemical symbol for hydroxyl 
ion 

‘OH The chemical symbol for hydroxyl 
radical 

8-OH-Ade 8-hydroxyadenine 
6-OHDA 6-hydroxyguanine 
8-OH-dG 8-hydroxydeoxyguanosine 
also known as 7,8-dihydro-8-oxo-2’- 
deoxyguanosine 

8-OH-Gua 8-hydroxyguanine 
OHNE Hydroxynonenal 

4-OHNE 4-hydroxynonenal 

OM Oncostatin M 

OT Oxytocin 

OVA Ovalbumin 

ox-LDL Oxidized low-density 
lipoprotein 

OZ Opsonized zymosan 


Wa Apical membrane potential 

P Probability 

P Phosphate 

P.O, Arterial oxygen pressure 

P, Inorganic phosphate 

p150,95 A member of the B-2- 
integrin family of cell adhesion 
molecules; also known as CD11c 
PA Phosphatidic acid 

pA, Negative logarithm of the 
antagonist dissociation constant 
PAEC Pulmonary artery endothelial 
cells 

PAF Platelet-activating factor also 
known as APRL and AGEPC 
PAGE Polyacrylamide gel 
electrophoresis 

PAI Plasminogen activator inhibitor 
PA-IgG Platelet associated 
immunoglobulin G 

PAM Pulmonary alveolar 
macrophages 

PAS Periodic acid-Schiff reagent 
PBA Polyclonal B cell activators 
PBC Primary biliary cirrhosis 

PBL Peripheral blood lymphocytes 
PBMC Peripheral blood mononuclear 
cells 

PBN N-tert-butyl-a-phenylnitrone 
PBP Platelet basic protein 

PBS Phosphate-buffered saline 

PC Phosphatidylcholine 

PCA Passive cutaneous anaphylaxis 
pCDM8 Eukaryotic expression 
vector 

PCNA Proliferating cell nuclear 
antigen 

PCR Polymerase chain reaction 
PCT Porphyria cutanea tarda 

p.d. Potential difference 
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PDBu 4a-phorbol 12,13-dibutyrate 
PDE Phosphodiesterase 

PDGF Platelet-derived growth factor 
PDGER Platelet-derived growth 
factor receptor 

PE Phosphatidylethanolamine 
PECAM.-1 Platelet endothelial cell 
adhesion molecule-1; also known as 
CD31 

PEG Polyethylene glycol 

PET Positron emission tomography 
PEt Phosphatidylethanolamine 

PF, Platelet factor 4 

PG Prostaglandin 

PGAS Polyglandular autoimmune 
syndrome 

PGD, Prostaglandin D, 

PGE,, PGE,, PGF,, PGF,,, PGG,, 
PGH, Prostaglandins En Es Fe. 
G, H, 

PGF, PGH Prostaglandins F and H 
PGI, Prostaglandin I, also known as 
prostacyclin 

P.O, Arterial oxygen pressure 

PGP Protein gene-related peptide 
Ph’ Philadelphia (chromosome) 
PHA Phytohemagglutinin 

PHD PHD[8(1-hydroxy-3-oxo- 
propyl)-9,12-dihydroxy-5,10 
heptadecadienic acid] 

PHI Peptide histidine isoleucine 
PHM Peptide histidine methionine 
P, Inorganic phosphate 

pI Isoelectric point 

PI Phosphatidylinositol 

PI-3,4-P2 Phosphatidylinositol 3, 
4-biphosphate 

PI-3,4,5-P3 Phosphatidylinositol 3, 
4, 5-trisphosphate 

PI-3-kinase 
Phosphatidylinositol-3-kinase 
PI-4-kinase 
Phosphatidylinositol-4-kinase 
PI-3-P 
Phosphatidylinositol-3-phosphate 
PI-4-P 
Phosphatidylinositol-4-phosphate 
PI-4,5-P2 

Phosphatidylinositol 4,5-biphosphate 
PIP Phosphatidylinositol 
monophosphate 

PIP, Phosphatidylinositol biphosphate 
PIPES piperazine-N, 

N’ -bis(2-ethanesulfonic acid) 

PK Protein kinase 

PKA, PKC, PKG Protein kinases A, 
C and G 

PL Phospholipase 

PLA, PLA,, PLC, PLD 
Phospholipases A, A,, C and D 
PLN Peripheral lymph node 
PLNHEV Peripheral lymph node 
HEV 

PLP Proteolipid protein 

PLT Primed lymphocyte typing 
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PMA Phorbol myristate acetate 
PMC Peritoneal mast cell 

PMN Polymorphonuclear neutrophil 
PMSF Phenylmethylsulphonyl 
fluoride 

PNAd Peripheral lymph node vascular 
addressin 

PNH Paroxysmal nocturnal 
hemoglobinuria 

PNU Protein nitrogen unit 

p.o. Per os (by mouth) 

POBN a-4-pyridyl-oxide- N- t-butyl 
nitrone 

PPD Purified protein derivative 
PPME Polymeric polysaccharide rich 
in mannose-6-phosphate moieties 
PQ Phenylquinone 

PRA Percentage reactive activity 
PRD, PRDII Positive regulatory 
domain, -II 

PR3 Proteinase-3 

PRBC Parasitized red blood cell 
proET-1 Proendothelin-I 

PRL Prolactin 

PRP Platelet-rich plasma 

PS Phosphatidylserine 

P-selectin Platelet selectin formerly 
known as platelet activation-dependent 
granule external membrane protein 
(PADGEM), granule membrane 
protein of MW 140 kD (GMP-140) 
PT Pertussis toxin 

PTCA Percutaneous transluminal 
coronary angioplasty 

PTCR Percutaneous transluminal 
coronary recanalization 

Pte-H, Tetrahydropteridine 

PTH Parathyroid hormone 

PTT Partial thromboplastin times 
PUFA Polyunsaturated fatty acid 
PUMP-1 Punctuated 
metalloproteinase also known as 
matrilysin 

PWM Pokeweed mitogen 

Pyran Divinylether maleic acid 


q.1.d. Quater in die (four times a day) 
QRS Segment of electrocardiogram 


-eR Free radical 

R15.7 Anti-CD18 monoclonal 
antibody 

RA Rheumatoid athritis 
RANTES A member of the IL8 
supergene family (Regulated on 
activation, normal T expressed and 
secreted) 

RAST Radioallergosorbent test 
R,,, Airways resistance 

RBC Red blood cell 

RBF Renal blood flow 

RBL Rat basophilic leukemia 

RC Respiratory chain 

RE RE strain of herpes simplex virus 


type I 


A 
5 


REA Reactive arthritis 

REM Relative electrophoretic mobility 
RER Rough endoplasmic reticulum 
RF Rheumatoid factor 

RFL-6 Rat foetal lung-6 

RFLP Restriction fragment length 
polymorphism 

RGD Arginine—glycine—asparagine 
rh- Recombinant human - (prefix 
usually referring to peptides) ' 

RIA Radioimmunoassay 

RMCP, RMCPII Rat mast cell 
protease, -II 

RNA Ribonucleic acid 

RNase Ribonuclease 

RNHCI N-Chloramine 

RNL Regional lymph nodes 

ROM Reactive oxygen metabolite 
RO. The chemical symbol for alkoxyl 
radical 

ROO. The chemical symbol for peroxy 
radical 

ROP Retinopathy of prematurity 
ROS Reactive oxygen species 
R-PIA 
(R)-(1-methyl-I-phenyltheyl)- 
adenosine 

RPMI 1640 Roswell Park Memorial 
Institute 1640 medium 

RS Reiter’s syndrome 

RSV Rous sarcoma virus 

RTE Rabbit tubular epithelium 
RTE-a-5 Rat tubular epithelium 
antigen a-5 

r-tPA Recombinant tissue-type 
plasminogen activator 

RT-PCR Reverse transcriptase / 
polymerase chain reaction 

RW Ragweed 


S Svedberg (unit of sedimentation 
density) 

SAC Staphylococcus aureus Cowan I 
SALT Skin-associated lymphoid tissue 
SaR Sacroplasmic reticulum 

SAZ Sulphasalazine 

SC Secretory component 

SCF Stem cell factor 

SCFA Short-chain fatty acid 

SCG Sodium cromoglycate also known 
as DSCG 

SCID Severe combined 
immunodeficiency syndrome 

sCR1 Soluble type-1 complement 
receptors 

SCW Streptococcal cell wall 

SD Stranded deviation 

SDS Sodium dodecyl sulphate 
SDS-PAGE Sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis 
SEM Standard error of the mean 
SERPIN Serine protease inhibitor 

SF Steel factor 

SGAW Specific airway conductance 
SHR Spontaneously hypertensive rat 


SIM Selected ion monitoring 
SIN-1 3-Morpholinosydnonimine 
SIRS Systemic inflammatory response 
syndrome 

SIV Simian immunodeficiency virus 
SK Streptokinase 

SLE Systemic lupus erythematosus 
SLe* Sialyl Lewis X antigen 

SLO Streptolysin-O 

SLPI Secretory leukocyte protease 
inhibitor 

SM Sphingomyelin 

SNAP S-Nitroso- N- 
acetylpenicillamine 

SNP Sodium nitroprusside 

SOD Superoxide dismutase 

SOM Somatostatin also known as 
somatotrophin release-inhibiting 
factor 

SOZ Serum-opsonized zymosan 
SP Sulphapyridine 

SR Systemic reaction 

sr Sarcoplasmic reticulum 

SR w Specific airways resistance 
SRBC Sheep red blood cells 

SRS Slow-reacting substance 
SRS-A Slow-reacting substance of 
anaphylaxis 

STAT Signal transducer and activator 
of transcription 

STZ Streptozotocin 

Sub P Substance P 


T Thymus-derived 

a-TOC a-Tocopherol 

t72 Half-life 

T84 Human intestinal epithelial cell 
line 

TAME Tosyl-L-arginine methyl ester 
TauNHCI Taurine monochloramine 
TBA Thiobarbituric acid 

TBAR Thiobarbituric acid-reactive 
product 

TBM Tubular basement membrane 
TBN di-zert-Butyl nitroxide 
tBOOH ‘¢ert-Butylhydroperoxide 
TCA Trichloroacetic acid 

T cell Thymus-derived lymphocyte 
TCR T cell receptor a/B or y/8 
heterodimeric forms 

TDI Toluene diisocyanate 

TEC Tubular epithelial cell 

TF Tissue factor 

Tg Thyroglobulin 

B-TG B-Thromboglobulin 

TGF Transforming growth factor 
(*]TdR Tritiated thymidine 
TFG-a, TGF-B, TGF-B, 
Transforming growth factors a, B, and 
Bı 

Ta T helper cell 

Tyo T helper o 

Tap T helper precursor 

T40, Tul, T,,2 Subsets of helper T 
cells 


THP-1 Human monocytic leukemia 
Thy 1 + Murine T cell antigen 
t.i.d. Ter in die (three times a day) 
TIL Tumor-infiltrating lymphocytes 
TIMP Tissue inhibitors of 
metalloproteinase 

TIMP-1, TIMP-2 Tissue inhibitors 
of metalloproteinases 1 and 2 

Tla Thymus leukemia antigen 

TLC Thin-layer chromatography 
TLCK Tosyl-lysyl-CH,Cl 

TLP Tumor-like proliferation 

Tm T memory 

TNF, TNF-a Tumor necrosis 
factor, -a 

tPA Tissue-type plasminogen 
activator 


TPA 12-O-tetradecanoylphorbol-13- 


acetate 

TPCK Tosyl-phenyl-CH,Cl 

TPK Tyrosine protein kinases 
TPO Thrombopoietin 

TPP Transpulmonary pressure 
TRAP Thrombospondin related 
anomalous protein 

Tris Tris (hydroxymethy]l)- 
aminomethane 

TSH Thyroid-stimulating hormone 
TSP Thrombospondin 

TTX Tetrodotoxin 

TX Thromboxane 

TXA,, TXB, Thromboxane A,, B, 
Tyk2 Tyrosine kinase 


U937 (cells) Histiocytic lymphoma, 
human 

UC Ulcerative colitis 

UCR Upstream conserved region 
UDP Uridine diphosphate 

UPA Urokinase-type plasminogen 
activator 

UTP Uridine triphosphate 

UV Ultraviolet 

UVA Ultraviolet A 

UVB Ultraviolet B 

UVR Ultraviolet irradiation 

UW University of Wisconsin 
(preserving solution) 


VAP Viral attachment protein 

VC Veiled cells 

VCAM, VCAM-1 Vascular cell 
adhesion molecule, -1, also known as 
inducible cell adhesion molecule MW 
110 kD (INCAM-110) 

VF Ventricular fibrillation 

V/GSH Vanadate/glutathione 
complex 

VIP Vasoactive intestinal peptide 
VLA Very late activation antigen beta 
chain; also known as CD29 

VLA a2 Very late activation antigen 
alpha 2 chain; also known as CD49b 
VLA a4 Very late activation antigen 
alpha 4 chain; also known as CD49d 
VLA «6 Very late activation antigen 
alpha 6 chain; also known as CD49f 
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VLDL Very low-density lipoprotein 
V ax Maximal velocity 

V in Minimal velocity 

VN Vitronectrin 

VO} The chemical symbol for vanadate 
vp Viral protein 

VP Vasopressin 

VPB Ventricular premature beat 

VT Ventricular tachycardia 

vWE von Willebrand factor 


W Murine dominant white spotting 
mutation 

WEC White blood cell 

WGA Wheat germ agglutinin 

WI Warm ischaemia 


XD Xanthine dehydrogenase 
XO Xanthine oxidase 


Y1/82A A monoclonal antibody 
detecting a cytoplasmic antigen in 
human macrophages 


ZA Zonulae adherens 

ZAP Zymosan-activated plasma 
ZAS Zymosan-activated serum 
ZLYCK 
Carboxybenzyl-Leu-Tyr-CH,,Cl 
ZO Zonulae occludentes 





Key to Illustrations 











Helper Suppressor 
lymphocyte lymphocyte 
Killer Plasma cell 
lymphocyte 
Bacterial or sei O 
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Eosinophil - Neutrophil 
passing through Mina through 
vessel wall vessel wall 
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Resting 
neutrophil Activated 
neutrophil 
Resting — «Activated 
eosinophil eosinophil 





SeeD 
O Smooth 


muscle 


Smooth muscle 
thickening 





Endothelial cell 


l Resting 
permeability 


macrophage 





A, 


Smooth muscle 
contraction Normal blood 
vessel 


Activated Nerve 
macrophage 
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VOOR SAR OR? — cpitnetiun Verma) Baracee 


an 






4 
Intact VG: Wr Normal 
epithelium submucosal 
with gland 
submucosal 
gland 
Hypersecreting Normal 
submucosal airway 
gland 
Oedema @) Bronchospasm 
Activated 
platelet 





Airway 
hypersecreting 
mucus 
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Resting 
basophil 
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Activated 
mast cell 
Resting 
mast cell 
Resting Activated 
chondrocyte chondrocyte 
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Venule 
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Inflamed 
venule 





Microcirculatory 
system 
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A20 343 
ACT-2 see macrophage inflammatory protein 1-B 
(MIP-1) 
acute-phase proteins 9 
interleukin-6 (IL-6) 87, 94, 99 
interleukin-1]1 (1L-11) 174-5, 176 
oncostatin M (OM) 406 
acute-phase response 9 
interleukin-] (IL-1) 9 
interleukin-6 (IL-6) 94-5, 97-8 
interleukin-11 (IL-11) 174-5 
leukemia inhibitory factor (LIF) 284 
acute-phase response factor (APRF) 98 
adenovirus 371, 395 
adipocytes 
interleukin-11 (IL-11) 174 
leukemia inhibitory factor (LIF) 283 
monocyte chemotactic protein-l (MCP-1) 494 
adoptive immunotherapy 118-19 
adult respiratory distress syndrome (ARDS) 134, 350 
neutrophil chemoattractants 460 
adult T cell leukemia/lymphoma 26, 148 
AIDS see HIV infection/ AIDS 
AIDS lymphoma 154 
alcoholic liver disease 99, 131 
allergic contact dermatitis 134 
allergic rhinitis 74, 212 
allergy 73, 212 
basophil responses 76 
eosinophilia 75, 80 
interleukin-3 (IL-3) 35, 38 
interlenkin-4 (IL-4) 60 
interleukin-5 (IL-5) 
interleukin-8 (IL-8) 131 
interleukin-13 (IL-13) 212 


macrophage inflammatory protein 1-a@ (MIP-1a) 474 


monocyte chemotactic protein-3 (MCP-3) 501 
RANTES 445 
steel factor (SF) 312 
a, -acid glycoprotein 98, 406 
o,-antichymotrypsin 406 
Ol, -antitrypsin 94, 174 
O.,-cysteine proteinase inhibitor 98 
ol, -protease inhibitor 406 
o,-macroglobulin 98, 174, 406 
Alzheimer’s disease 13 
angiogenesis 128 
tumor neovascularization 461 
angiolymphoid hyperplasia with eosinophilia (Kamura 
disease) 80 


anorexia 9 
antibody production regulation 75 


interferon-y (INF-y) 394-5 
interleukin-2 (IL-2) 23 
interleukin-6 (IL-6) 93 
interleukin-9 (IL-9) 144, 147 
interleukin-10 (IL-10) 156, 160 
interleukin-13 (IL-13) 208 
interleukin-14 (IL-14) 217 
interleukin-15 (IL-15) 221, 223 
see also immunoglobulin class switching 
antigen presentation 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) effects 266 
interleukin-10 (IL-10) regulation 155-6 
macrophages 342 
antitumor activity 
interferon a (INF-a)/interferon-B (INE-B) 371-2, 
378 
interleukin-2 (IL-2) 26 
interleukin-4 (IL-4) 60 
interleukin-6 (IL-6) 99, 100 
interleukin-7 (IL-7) gene transfer 118-19 
interleukin-12 (IL-12) 196-7 
interleukin-13 (IL-13) 212 
interleukin-15 (IL-15) 225 
macrophage colony-stimulating factor (MCSF) 250, 
253-4 
oncostatin M (OM) 404-5 
tumor necrosis factor (TNF) 343-5, 350-1 
see also metastasis 
antiviral activity 
interferon-y (INF-y) 391, 395 
interferons 370-1, 378, 379-80 
RANTES 434 
aplastic anemia 
flt3 ligand levels 325 
granulocyte colony-stimulating factor (G-CSF) 
therapy 239 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) therapy 270 
apoptosis regulation 
interleukin-] converting enzyme (ICE) 6-7 
interleukin-3 (IL-3) 35, 40 
interleukin-10 (IL-10) 156 
transforming growth factor B (TGF-B) 419 
tumor necrosis factor (TNF) 341-2, 347-8 
Aspergillus 254 
asthma 227 
corticosteroid actions 7 ] 


564 INDEX 


SSeS 


asthma cont. 
eosinophils involvement 80 
interleukin-4 (IL-4) 60 
interleukin-8 (IL-8) 134 
interleukin-13 (IL-13) 212 
monocyte chemotactic protein-1 (MCP-I) 501 
astrocytes 
interleukin-3 (IL-3) expression 38 
interleukin-6 (IL-6) expression 92 
interleukin-8 (IL-8) expression 129 
macrophage inflammatory protein 1-a (MIP-1q@) 
responses 475 
monocyte chemotactic protein-1 (MCP-1) expression 
494 
atherosclerosis 
macrophage colony-stimulating factor (MCSF) 
251-2, 254 
monocyte chemotactic protein-1 (MCP-1) 501 
oncostatin M (OM) 406-7 
RANTES 445 
atopic dermatitis 60, 80 
autoimmune disease 
interferon-y (INF-y) 398 
interleukin-1 (IL-I) 13 
interleukin-4 (IL-4) 60 
interleukin-6 (IL-6) 100 
interleukin-10 (IL-10) 157-8, 161 
tumor necrosis factor (TNF) 350 
autoimmune encephalomyelitis 212 
autoimmune neutropenia 236 
autoimmune thyroid disease 60 


B cell development 56 
interleukin-3 (IL-3) 39-40 
interleukin-7 (IL-7) 109, 113-14 
interleukin-10 (IL-10) 156 
interleukin-13 (1L-13) 209 
stem cell factor 113-14 
see also pre-B cells; pro-B cells 
B cell differentiation factor see interleukin-5 (IL-5) 
B cell growth factor see interleukin-4 (IL-4) 
B cell growth factor II (BCGFII) see interleukin-5 
(IL-5) 
B cell growth factors (BCGFs) 217 
B cell stimulatory factor see interleukin-6 (IL-6) 
B cell stimulatory factor-1 (BSF-1) see interleukin-4 
(IL-4) 
B cells 
antibody production see antibody production 
regulation 
differentiation 56 i 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) expression 264 
interleukin-1 (IL-I) responses 8 
interleukin-2 (IL-2) responses 19, 23 
interleukin-4 (IL-4) responses 53, 56 
interleukin-5 (IL-5) production/responses 70, 74 
interleukin-6 (IL-6) production/responses 92, 93 
interleukin-8 (IL-8) responses 131 
interleukin-9 (IL-9) responses 144-5 
interleukin-10 (IL-10) production/responses 154, 
156 
interleukin-12 (IL-12) production 189 


interleukin-13 (IL-13) production/responses 208 
interleukin-14 (IL-14) responses 218 
interleukin-15 (1L-15) responses 221, 223 
lymphotoxin (lymphotoxin a; LT-a) production 


macrophage inflammatory protein 1-@ (MIP-1q) 
responses 474 
MHC class II molecules expression 53, 56, 394 
proliferation 56 
steel factor (SF) responses 308-9 
tumor necrosis factor (INF) responses 342 
basophils 
ENA-78 responses 457 
histamine release 457, 495 
interleukin-3 (IL-3) responses 41 
interleukin-4 (IL-4) production 55, 56 
interleukin-5 (IL-5) responses 75-6 
interleukin-8 (IL-8) responses 131, 457 
macrophage inflammatory protein 1-a (MIP-1a) 
production /responses 473, 474 
monocyte chemotactic protein-1 (MCP-1) responses 
495 
monocyte chemotactic protein-2 (MCP-2) responses 
497 
monocyte chemotactic protein-3 (MCP-3) responses 
497 
NAP-2 responses 457 
RANTES production/responses 434, 441 
bcl-2 40 
B chemokines see C-C chemokines 
B-thromboglobulin (B-TG) 453 (fig.) 
NAP-2 formation 454 
blastocyst implantation 281, 284 
bone loss 10, 13, 94 
bone marrow stromal cells 
granulocyte colony-stimulating factor (G-CSE) 
production 236 
interleukin-7 (IL-7) production 113 
interleukin-11 (IL-11) production 172 
interleukin-15 (IL-15) production 222 
macrophage colony-stimulating factor (MCSF) 
production 249 
bone marrow support 
granulocyte colony-stimulating factor ( G-CSF 233. 
Zao 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) 270 
hematopoietic growth factors 45 
interleukin-3 (IL-3) 45 
interleukin-7 (IL-7) 119 
interleukin-1T (1L-11) 176, 178 
macrophage colony-stimulating factor (MCSF) 253 
transforming growth factor B (TGE-B) 425 
bone marrow transplantation 
granulocyte colony-stimulating factor (G-CSF) 
therapy 239 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) therapy 270 
interleukin-2 (IL-2) therapy 27 
macrophage colony-stimulating factor (MCSF) 
therapy 253 
recovery see bone marrow support 
bone repair 426 


bovine ENA (boENA) 453 (fig.), 454 
bovine pneumonic pasterellosis 460-1 
cellular sources 456 

bovine pneumonic pasterellosis 460-1 

Burkitt lymphoma 154 


C-C (B) chemokine receptors 441, 476-8, 498, 498 
, (fig.) 
HIV receptor activity 479 
signal transduction 479-80 
C-C (B) chemokines 126, 133, 436, 469, 470 (fig.), 
489, 490, 493 
Duffy blood group antigen (DARC) binding 133 
tertiary structure 471 
C-chemokines 126 
c-fms 252, 281 
c-kit 297 
expression 301, 303-4 
primordial germ cells 303 
lymphoid progenitor cell proliferation 39 
c-kit receptor (CD117) 309-10, 310 (fig.) 
gene 310 
isoforms 310 
megakaryocytopoiesis 330 
melanocyte expression 304, 305 
murine Wlocus 312 
signal transduction 310-11 
c-mpl 327, 331 
c-mpl deficient mice 331 
c-myc 252, 268 
C-reactive protein 9, 87, 98, 176 
C-X-C (a) chemokines 125, 126, 133, 436, 449, 489, 
493 
angiogenic activity 457 
Duffy blood group antigen (DARC) binding 133 
ELR motif 128, 449-50, 457, 461 
neutrophil responses 449-50 
cachectin see tumor necrosis factor (TNF) 
cachexia 281, 336 i 
interferon-y (INF-y) 398 
leukemia inhibitory factor (LIF) 283 
tumor necrosis factor (TNF) 349 
cancer treatment see antitumor activity 
Candida albicans 41 
macrophage colony-stimulating factor (MCSF) effects 
251, 254 
transforming growth factor B (TGF-B) effects 425 
carcinoid tumors 379 
cardiac myxoma 99, 100 
cardiotropin-1 88 
cartilage repair 426 
Castleman’s disease 99, 100 
cathepsin G 454-5, 456 
CCR-1 442, 447 (fig.), 477 
macrophage inflammatory protein 1-a (MIP-1a) 
binding 477, 478 
monocyte chemotactic protein-3 (MCP-3) binding 
498 i 
RANTES binding 441, 477 
CCR-2 477-8 
HIV receptor activity 479 
macrophage inflammatory protein 1-a (MIP-1a) 
binding 478 
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monocyte chemotactic protein-l (MCP-1) binding 
498 
monocyte chemotactic protein-3 (MCP-3) binding 
498 
CCR-2b 441 
CCR-3 441, 442, 478 
HIV receptor activity 479 
RANTES binding 441 
CCR-4 442, 478 
monocyte chemotactic protein-1 (MCP-1) binding 498 
RANTES binding 441 
CCR-5 441, 442, 478, 498 
HIV receptor activity 479, 482 
macrophage inflammatory protein 1-a (MIP-1a) 
binding 478 
macrophage inflammatory protein 1-B (MIP-1B) 
binding 478 
RANTES binding 441 
CD2 190 
CD4 
interleukin-16 receptor (1L-16R) 227, 229 (fig.) 
macrophages 251 
CD4 T cells 
HIV receptor activity 479, 482 
interleukin-2 (IL-2) production 22 
interleukin-4 (IL-4) production/responses 55, 57 
interleukin-9 (IL-9) production 143, 144 
interleukin-12 (1L-12) responses 191 
interleukin-13 (IL-13) production 208 
interleukin-16 (1L-16) production/responses 227 
macrophage inflammatory protein 1-a (MIP-1q@) 
responses 474 
MHC class II molecules recognition 394 
subsets 394 
CD8 T cells 
HIV replication suppression 441, 482 
interferon-y (INE-y) production 393 
interleukin-2 (IL-2) production 22 
interleukin-4 (IL-4) production/responses 56, 57 
interleukin-10 (IL-10) responses 156 
interleukin-12 (IL-12) responses 190, 192 
interleukin-13 (1L-13) production 208 
interleukin-16 (IL-16) production 227 
macrophage inflammatory protein 1-a (MIP-1q) 
responses 474 
MHC class I molecules recognition 394 
CD 1 la 40, 190, 342 
CD11b 40, 57, 80, 209, 281, 342, 439, 516 
CD1lc 57, 209, 439 
Cbs 575207 
CD14 40, 57 
CDIGS57 
CD18 40, 57, 209, 342, 439, 516 
CD23 40, 56, 57, 208, 209 
CD2523 
specific monoclonal antibody therapy 27 
CD28 70 
CD29 209 
CD3257281 
CD34 myeloid progenitor cells 38, 39 
hemopoietic growth factor responses 39 
CD40 40, 56 
CD44 39 
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CD49c (VLA-5) 209 
CD54 155, 190 
CD56 190 
CD64 57, 155, 159 
CD69 57, 190 
CD71 190, 208 
CD72 208 
CD80 155 
CD86 155 
CD117 see c-kit receptor 
CD122 24 
CD132 24 
cell adhesion 
RANTES responses 439, 444 
transforming growth factor B (TGE-B) 419 
cell cycle arrest 421, 422 (fig.) 
central nervous system effects 9, 95 
central nervous system infection 99 
ceramide 11 
cervical ripening 131 
chemokine receptors 441, 442, 490 
ligand binding 442-3 
RANTES binding 441, 442 (fig.) 
signal transduction 443 
virally-encoded 441, 443 
chemokines 126, 489-90 
interleukin-1 (1L-1) induction 8 
interleukin-8 (1L-8) 125 
subdivisions 133 
tumor neovascularization 461 
chemotaxis 
endothelial cells 457 
GRO/MGSA 516-17 
macrophage inflammatory protein 1-& (MIP-1a) 
467, 474 
monocyte chemotactic proteins (MCPs) 495, 497 4 
neutrophils 456 
RANTES 439, 440, 441 
chemotherapy, bone marrow support see bone marrow 
support 
Chlamydia psitacci 394 
Chlamydia trachomatis 394 
cholesterol lowering 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) 266 
macrophage colony-stimulating factor (MCSF) 252, 
254 
see also lipid metabolism 
cholinergic neuronal differenitation factor see leukemia 
inhibitory factor (LIF) 
chondrocytes s 
interleukin-6 (IL-6) production/ responses 92, 94 
interleukin-8 (IL-8) production 129 
interleukin-11 (1L-11) production/ responses 172,175 
leukemia inhibitory factor (LIF) responses 283 
monocyte chemotactic protein-1 (MCP-1) 
production 494 
tumor necrosis factor (TNF) responses 343 
chronic neutropenia of childhood 253 
ciliary neurotropic factor (CNTE) 88 
biological activities 277-8 
ciliary neurotropic factor receptor (CNTFR) 178 (fig.), 
408 (fig.) 


gp130 subunit 286, 408 
leukemia inhibitory factor receptor (LIFR) æ chain 
286 
CINC/GRO expression 518-19, 518 (fig.) 
Coley’s toxins 335 
collagen synthesis 10 
collagenase 10, 94 
colony-forming unit-stimulating activity (CFU-SA) see 
interleukin-3 (IL-3) 
colony-stimulating factor-1 (CSF-1) see macrophage 
colony-stimulating factor (MCSF) 
colony-stimulating factors (CSEFs) induction 8 
colostrum 131 
common 6 chain 42, 76, 78, 79, 266-8, 286 
common variable immunodeficiency (CVI) 160 
complement C3 175 a 
congenital neutropenia 270 
conserved lymphokine element (CLEO) 71 
corticotropin-releasing hormone (CRH) 9 
Crohn’s disease 99 
Cryptococcus neoformans 
interleukin-12 (IL-12) effects 195 
macrophage colony-stimulating factor (MCSE) effects 
251 
CTAP-111 453 (fig.), 454 
NAP-2 formation 454 
cutaneous T cell lymphoma 379 
CXC chemokine receptor 1 (CXCRI; IL-8RA) 125, 
131-3, 132 (fig.), 458 
gene 131, 133 
GRO/MGSA binding 517 
signal transduction 133, 459, 518 
CXC chemokine receptor 2 (CXCR2; IL-8RB) 125, 
131-3, 132 (fig.), 458 
ENA-78 binding 459 
gene 133 
GRO/MGSA binding 517 
NAP-2 binding 458 
promiscuous binding activity 125, 133 
signal transduction 133-4, 459, 518 


‘CXCR-4 (fusin; LESTR) 479 


cyclic neutropenia 236, 270 
cyclin-dependent kinase inhibitors 422-3, 422 (fig. ) 
cyclin-dependent kinases 421-2 
cyclinD/Cdk4 421, 422 
cyclinE/Cdk2 421, 422 
cyclins 421-2 
cystic fibrosis 131, 134 
cytokine synthesis inhibitory factor (CSIF) see 
interleukin-10 (1L-10) 
cytomegalovirus 
ganciclovir with granulocyte colony-stimulating factor 
(G-CSF) therapy 239 
interleukin-1 (1L-1) gene transcription induction 5 
protein chemokine receptors 133, 441, 443, 478 
cytomegalovirus US28 478 
RANTES binding 441, 443 
cytotoxic lymphocyte maturation factor (CLMF) see 
interleukin-12 (IL-12) 


D6 478 
delayed-type hypersensitivity 
interleukin-10 (IL-10) 156 


RANTES expression 438 
dendritic cells 265 
dermatological disease 134 
diabetes 398 
interleukin-1 (IL-1) 10, 13 
interleukin-4 (IL-4) 60 
interleukin-10 (IL-10) 157-8 
diacylglycerol (DAG) 
interleukin-1 (IL-1) signaling 11 
interleukin-8 (IL-8) signaling 134 
Diamond-Blackfan anemia 325 
differentiation inhibiting activity (DIA) see leukemia 
inhibitory factor (LIF) 
differentiation-inducing factor (D-factor; DIF) see 
leukemia inhibitory factor (LIF) 
differentiation-retarding factor (DFR) see leukemia 
inhibitory factor (LIF) 
disseminated intravascular coagulation 13 
DPC4 (deleted in pancreatic cancer) 424 
Duffy blood group antigen (DARC) 133, 443 
GRO/MGSA binding 517-18 
interleukin-8 (IL-8) binding 133 
RANTES binding 441 


ectromelia virus 395 
ELAM-1 343 
embryogenesis 
mouse transforming growth factor B (TGF-B) 423 
steel factor (SF) 301 
embryonic stem cells 282 
ENA-78 449-61 
basophil responses 457 
biological activities 456-8 
cellular sources 455-6 
clinical aspects 459-61 
endothelial cells responses 457 
eosinophil responses 457 
gene 450, 452 (fig.), 453 (fig.) 
neutrophil responses 456-7 
protein 453 (fig.), 454, 454 (fig. ) 
receptors 458-9 
summary table 544 
tumor neovascularization 461 
encephalomyocarditis virus (EMCV) 370 
endogenous pyrogen 1, 9, 87 
endometriosis 445 
endothelial cells 
chemotaxis 457 
ENA-78 responses 457 
eosinophils adhesion 80, 209 
granulocyte colony-stimulating factor (G-CSF) 
production 236 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) production/responses 264, 265 
interleukin-1 (IL-1) responses 9 
interleukin-3 (IL-3) responses 42 
interleukin-4 (IL-4) responses 57 
interleukin-6 (IL-6) production/responses 92, 94 
interleukin-8 (IL-8) production 127, 129 
interleukin-13 (IL-13) responses 209 
macrophage colony-stimulating factor (MCSF) 
production 245, 249, 251 
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monocyte chemotactic protein-1 (MCP-1) 
production 494 
NAP-2 responses 457 
neutrophil adhesion 342 
RANTES expression 434, 436, 438 
steel factor (SF) expression 302 
thrombopoietin expression 330 
tumor necrosis factor (TNF) responses 342-3 
eosinophil differentiation factor (EDF) see interleukin-5 
(IL-5) 
eosinophilia 74 
interleukin-5 (IL-5) 71, 73-4, 75, 79-80 
parasitic infections 75, 80 
tissue localization 80 
tumor-associated 74 
eosinophilic myalgia 80 
eosinophils 
degranulation 75 
ENA-78 responses 457 
endothelial cells adhesion 80, 209 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) responses 265 
hemopotesis 39 
interleukin-3 (IL-3) responses 41 
interleukin-4 (IL-4) production/responses 56, 57 
interleukin-5 (IL-5) production/responses 41, 70, 
74, 75 
interleukin-8 (IL-8) responses 131, 457 
interleukin-16 (IL-16) responses 227 
macrophage inflammatory protein 1-a@ (MIP-1a@) 
production/responses 473, 474 
monocyte chemotactic protein-2 (MCP-2) reponses 
497 
monocyte chemotactic protein-3 (MCP-3) responses 
497 
NAP-2 responses 457 
RANTES responses 434, 440 
epidermal Langerhans cells 473, 475, 476 
episodic eosinophil-myalgia syndrome 269 
epithelial cells 
interleukin-6 (IL-6) production 92 
interleukin-8 (IL-8) production 129 
interleukin-1]1 (IL-11) effects 176-7 
monocyte chemotactic protein-1 (MCP-1) 
production 494 
RANTES expression 434, 436, 443 
Epstein-Barr virus | 
B cell interleukin-10 (IL-10) production 154, 160 
interferons defense mechanisms 371 
interleukin-10 (IL-10) analog (BCREI) 151, 152, 
156, 160 
equine herpes virus type 2 (EHV2) 151 
erythropoiesis 
interleukin-9 (IL-9) 144 
interleukin-11] (IL-11) 173 
steel factor (SF) 307 
erythropoietin 39, 173, 327 
interleukin-3 (IL-3) fusion protein 45 
experimental autoimmune encephalitis (EAE) 
interleukin-10 (IL-10) 157 
macrophage inflammatory protein 1-a (MIP-1a) 481 
monocyte chemotactic protein-1 (MCP-1) 501 
extracellular matrix proteins 419 


568 INDEX 


eee UUU 


familial hypercholesterolemia 254 
Fanconi anemia 325 
ferritin 176 
fever 9, 87, 95,475 
fibrin fragments 92 
fibrinogen 9, 174, 176 
fibroblasts 
granulocyte colony-stimulating factor (G-CSF) 
production 236 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) production 264 
interleukin-1 (IL-1) effects 10 
interleukin-1 receptor antagonist (IL-] Ra) 
production 12 
interleukin-6 (IL-6) production /responses 92, 94 
interleukin-8 (IL-8) production 129 
interleukin-11 (IL-I1) production 172 
macrophage colony-stimulating factor (MCSE) 
production 245, 249 
macrophage inflammatory protein 1-a (MIP-1a) 
production 473 
monocyte chemotactic protein-1 (MCP-1) 
production 494 
monocyte chemotactic protein-2 (MCP-2) 
production 494, 495 
NAP-2 responses 457 
RANTES expression 434, 436 
steel factor (SF) expression 302 
thrombopoietin expression 330 
tumor necrosis factor (TNF) effects 342 
fibronectin 39 
fibrosis 
interleukin-1 (IL-1) 10 
transforming growth factor B (TGF-B) 424 
filariasis 154, 16] 
flt3 305 
flt3 ligand 321-5 
biological activities 323—4 
cellular sources 323 
clinical aspects 325 
gene 321-2, 322 (fig.) 
hematopoiesis 113, 321, 323-4 
protein 322-3, 323 (fig.) 
splice variants 322 
summary table 539 
fungal infections 254, 270, 425 
fusin 479 
fyn-kinase 252, 253 


G-protein-coupled receptors 
CCR-2 478 
chemokine receptors 490, 498 ` 
IL-8/GRO receptors 518 
interleukin-8 (IL-8) receptors 125, 131, 133-4 
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macrophage inflammatory protein 1-a (MIP-1a) 476 


RANTES receptors 442, 442 (fig.), 443 
signal transduction 133-4, 479-80 
gene therapy 26 
genital warts 379 
germ cell development 303 
steel factor (SF) effects 303-4 
glioblastoma cells 172 
glioma cells 


macrophage inflammatory protein 1-a (MIP-1a) 
expression 473 
steel factor (SF) expression 312 


glomerulonephritis 13, 445 
glucocorticoids 


interleukin-1 (IL-1) expression inhibition 5, 6, 8, 9 

interleukin-1 (IL-1)-mediated elevation 9 

interleukin-5 (IL-5) expression inhibition 7I 

interleukin-6 (IL-6) expression inhibition 88, 92 

interleukin-8 (IL-8) expression inhibition 130 

tumor necrosis factor (TNF) expression inhibition 
341, 349 


gp130 subunit 88 


ciliary neurotrophic factor receptor (CNTFR) 286, 
408 ji 

interleukin-6 receptor (IL-6R) 95-6, 95 (fig.), 96 
(fig.), 177, 179, 286, 408 

interleukin-11 receptor (IL-LIR) 172, 177, 179, 286 

leukemia inhibitory factor receptor (LIFR) 278, 286, 
408 

oncostatin M (OM) receptors 286, 407-8 

signal transduction 97, 177, 179, 409 

soluble complex 97 


graft-versus-host disease 


interleukin-I0 (IL-10) inhibition 158, 161 
tumor necrosis factor (TNF) effects’ 350 


granulocyte chemotactic factor (GCP) see interleukin-8 


(IL-8) 


granulocyte colony-stimulating factor (G-CSF) 23I-40 


biological activities 231-2, 237-8 
cellular sources 57, 237 
chemotherapy-associated neutropenia therapy 238 
clinical aspects 239-41 
gene 232-3, 232 (fig.), 233 (fig.) 
mouse 232, 234 
transcriptional control 234 x 
hematopoiesis 38, 39, 231, 306, 307, 324 
leukemia inhibitory factor (LIF) induction 280 
protein 234-7, 234 (fig.), 235 (fig.) 
glycosylation 235 
stability 236-7 
response to infection 236 
summary table 536 
therapeutic applications 232, 239-4] - 
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granulocyte colony-stimulating factor receptor 


(G-CSFR) 238, 238 (fig.) 
gene 237 
signal transduction 238-9 


granulocyte-macrophage colony-stimulatin g factor aM, 


(GM-CSF) 231, 261-70 

adverse reactions 269 

biological activities 264-6 

cellular sources 57, 264 

clinical use 27, 269-70 

disease associations 269 

gene 69, 261-3, 262 (fig.), 263 (fig. ) 
conserved regulatory elements 262-3 
expression regulation 262-3 
post-transcriptional control 263 
promoter 71 

hematopoiesis 38, 39, 306, 307 

interleukin-I (IL-1) induction 5 

interleukin-6 (IL-6) induction 92 


interleukin-8 (1L-8) induction 129 
macrophage colony-stimulating factor (MCSF) 
induction 249 
macrophage inflammatory protein 1-a (MIP-1q) 
induction 473 
megakaryocytopoiesis 308 
monocyte chemotactic protein-1 (MCP-1) induction 
, 494 
mouse cytokine 268-9 
physiological role 266 
protein 263-4, 264 (fig.) 
summary table 537 
granulocyte-macrophage colony-stimulating factor 
receptor (GM-CSFR) 42, 43, 78, 266-8, 267 
(fig. ) 
8-common subunit (B.) 42, 76, 78, 79, 266-8 
genes 266 
isoforms 266 
mouse cytokine 268-9 
signal transduction 43, 79, 268 
subunits 266-8 
Grb2 
interleukin-11 receptor (1L-11R) signaling 177 
macrophage colony-stimulating factor receptor 
(MCSER) signaling 252, 253 
GRO/MGSA 507-19 
animal disease models 518-19, 518 (fig.) 
biological activities 516-17 
cellular sources 513-16, 514 (fig.), 515 (fig.) 
genes 508-11, 509 (fig.), 510 (fig.) 
transcript stabilization 510-11 
transcriptional control 509-10 
inflammatory activity 516 
leukocyte chemotaxis/degranulation 516-17 
protein 511-13, 511 (fig.), 512 (fig. ) 
BER motif 512 
proteolytic processing 513 
receptors 517-18 
Duffy antigen (DARC) 517-18 
GRO-I1L-8 517 
GRO-specific 517 
signal transduction 518 
summary table 546 
GRO 508-11, 509 (fig.), 510 (fig. ) 
cellular expression 513, 514, 515 (fig.) 
gene product 511-13, 511 (fig.), 512 (fig. ) 
interleukin-8 (1L-8) receptor binding 458, 459 
signal transduction 459 
summary table 546 
GROB 508-11, 509 (fig.), 510 (fig. ) 
cellular expression 515 (fig. ) 
gene product 511-13, 511 (fig.) 
summary table 546 
GROy 508-11, 509 (fig.), 510 (fig.) 
cellular expression 513, 514, 515 (fig.) 
gene product 511-13, 511 (fig.) 
summary table 546 
growth-stimulatory activity for TS-1 cells see leukemia 
inhibitory factor (LIF) 


hairy cell leukemia 379 
haptoglobin 98, 175, 176, 406 
haptotaxis 439 


hck 286 
Helicobacter pylori gastroduodenal disease 134 
hemangioma 312 
hematopoiesis 
apoptosis regulation 40 
constitutive 38 
flt3 ligand 323-4 
granulocyte colony-stimulating factor (G-CSF) 231 
inducible 38 
interleukin-3 
interleukin-4 
interleukin-6 (IL-6) 93 
interleukin-8 (IL-8) 131 
interleukin-9 (1L-9) 144 
interleukin-10 (1L-10) 156 
interleukin-11 (1L-11) 173-4, 175-6, 179 
interleukin-12 (1L-12) 192 
interleukin-13 (1L-13) 209 
interleukin-15 (1L-15) 223 
leukemia inhibitory factor (LIF) 281-2, 284 
lymphoid progenitor cells 39-40 
macrophage colony-stimulating factor (MCSF) 245, 
250 
myeloid progenitor cells 38-9 
oncostatin M (OM) 405, 410 
stem cell factor 192 
transforming growth factor B (TGF-B) 425 
hematopoietic cell growth factor (HCGF) see 
interleukin-3 (IL-3) 
hemopexin 9, 98, 175 
hemopoietic progenitor cells 
flt3 ligand effects 321, 324 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) effects 265 
interleukin-11 (IL-11) effects 173 
interleukin-15 (IL-15) effects 223 
leukemia inhibitory factor (LIF) effects 282 
macrophage inflammatory protein 1-a (MIP-1q) 
effects 475 
steel factor (SF) effects 305-7 
hemopoietin receptor superfamily 42, 77, 118, 285-6 
8-common subunit (B.) 42, 76 
gp130 subunits 177, 178 (fig.) 
granulocyte-macrophage colony-stimulating factor 
receptor (GM-CSFR) 266 
interleukin-6 receptor (1L-6R) 95 
interleukin-7 receptor a (1L-7Ra) 118 
interleukin-9 receptor (IL-9R) 145 
interleukin-10 (1L-10) 158 
interleukin-12 (1L-12) p40 subunit 188 
interleukin-13 (IL-13) 206 
leukemia inhibitory factor receptor (LIFR) o chain 285 
hemopoietin-1 8 
heparin-associated thrombocytopenia 461 
hepatitis B 
interferon « (INF-a) therapy 380 
interferons defense mechanisms 371, 395 
interleukin-2 (1L-2) therapy 26 
hepatitis C 380 
hepatitis, chronic acute 501 
hepatocyte stimulating factor see interleukin-6 (1L-6) 
hepatocyte stimulating factor type 1l (HSF-11) see 
leukemia inhibitory factor (LIF) 


IL-3) 35, 38-40, 192 
IL-4) 57 
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hepatocyte stimulating factor type III (HSF-IIT) see 
leukemia inhibitory factor (LIF) 
hepatocytes 
interleukin-8 (IL-8) production 129 
interleukin-11 (IL-11) effects 174-5 
leukemia inhibitory factor (LIF) effects 283 
macrophage colony-stimulating factor (MCSF) 
production 249 
hereditary nonpolyposis colorectal cancer (HNPCC) 
424 
herpes saimiri virus ECRF3 133, 479 
herpes simplex virus 
interferon-y (INF-y) inhibition 395 
interleukin-2 (IL-2) therapy 26 
lymphotoxin (lymphotoxin æ; LT-æ) induction 341 
macrophage colony-stimulating factor (MCSF) effects 
251 
tumor necrosis factor (TNF)/lymphotoxin antiviral 
effects 342 
herpes viruses 371, 379 
herpes zoster 379 
high-molecular-mass B cell growth factor 
(TIMW-BCGB) see interleukin-14 (IL-14) 
high-proliferative potential colony-forming cells 
flt3 ligand effects 324 
steel factor (SF) effects 306 
histamine 131 
basophils release 457, 495 
interleukin-1] (IL-1) regulation 5, 6 
interleukin-3 (IL-3)-mediated release 35, 38, 41 
histiocytosis X 269 
Histoplasma capsulatum 251 
HIV infection/AIDS 96 
B-chemokine receptors 479 
cytomegalovirus infection treatment 239 
granulocyte colony-stimulating factor (G-CSF) q 
therapy 239 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) effects 265 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) therapy 269 
interferon treatment 380 
interferon-y (INF-y) levels 394, 395 
interleukin-2 (IL-2) therapy 26 
interleukin-10 (IL-10) 154, 160 
interleukin-13 (IL-13) responses 212 
interleukin-16 (IL-16) therapeutic potential 227 
macrophage colony-stimulating factor (MCSE ) effects 
251 ' 
macrophage inflammatory protein 1-a (MIP-1a) 
481, 482 
nephropathy 445 oe >: 
opportunistic infection treatment 196 
RANTES effects 434, 441 
T cell oncostatin M (OM) production 404 
transforming growth factor B (TGE-B) effects 425 
tumor necrosis factor (TNF) effects 342, 350 
Hodgkin’s disease 
eosinophilia 74, 80 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) levels 269 
interleukin-9 (IL-9) association 148 
hsp70 343 


HTLV-1 infection 148 

human interleukin for DA-la cells see leukemia 
inhibitory factor (LIF) 

hyaluronate 39 

hybridoma growth factor see interleukin-6 (IL-6) 

hypothalamic-pituitary-adrenal axis activation 9 


ICAM-1 343 
ICAM-2 343 
idiopathic hypereosinophilia 80 
idiopathic pulmonary fibrosis 460 
macrophage inflammatory protein 1-a (MIP-1q@) 
481 
monocyte chemotactic protein-1 (MCP-1) 501 
IgA i 
eosinophil degranulation 75 
interleukin-6 (IL-6) response 93 
IgA deficiency 160 
IgE production 75 
interleukin-12 (IL-12) 191-2 
interleukin-13 (IL-13) 208 
IgG 
eosinophil degranulation 75 
production regulation 
interferon-y (INF-y) 394-5 
interleukin-6 (IL-6) 93 
IgM production regulation 
interleukin-6 (IL-6) 93 
interleukin-13 (IL-13) 208 
IgM surface expression 56 
IL4.Y124D 212 
IL-8R1/IL-8RA see CXC chemokine receptor 1 
(CXCRI1) 
IL-8R2/IL-8RB see CXC chemokine receptor 2 
(CXCR2) 
immune complex glomerulonephritis 13 
immune response regulation 424-5 
immunoglobulin class switching 56 
interleukin-4 (IL-4) 56 
interleukin-10 (IL-10) 156 
interleukin-13 (IL-13) 205, 208 
indoleamine 2,3-dioxygenase (IDO) 394 
infant respiratory distress syndrome 134 
infection 
granulocyte colony-stimulating factor ( G-CSF) 236, 
Zo 
induced for cancer treatment 335 
interleukin-2 (IL-2) therapy 26 
leukemia inhibitory factor (LIF) 280 
macrophage colony-stimulating factor (MCSF) 
250-1, 254 
transforming growth factor B (TGF-B) 425 
tumor necrosis factor (TNF) 348-9, 350 
inflammatory activities 
acute-phase proteins 94-5 
GRO/MGSA 516 
interleukin-6 (IL-6) 94-5 
interleukin-10 (IL-10) inhibition 156-7, 160, 161 
macrophage inflammatory protein 1-0 (MIP-1la) 
467, 469, 473, 474-5, 481-2 
RANTES 444 
tumor necrosis factor (TNF) 342-3, 350 
inflammatory bowel disease 


interleukin-1 (IL-I) 13 
interleukin-4 (IL-4) 60 
interleukin-10 (IL-10) 161 
interleukin-11 (IL-11) 179 
oncostatin M (OM) 410 
inflammatory skin diseases 50] 
influenza virus 370, 379 
interferon genes 362, 363-7, 364 (fig.), 365 (fig. ) 
inducers 365-6 
nomenclature 363 
transcriptional control 364-7 
interferon regulatory factor-I (IRF-1) 366, 367, 371 
interferon regulatory factor-2 (IREF-2) 366, 367, 371 
interferon-a& (INF-a) 27, 362 
antiproliferative/antitumor activity 37 I-2, 378 
biological activities 370-2 
cancer therapy 379 
cellular sources 369-70 
mouse cytokine 376-8 
nomenclature 362, 363 
subtype proteins 367, 368 (fig.), 369 (fig. ) 
summary table 541 
interferon-a genes (IFNA genes) 362, 363, 364 (fig.) 
inducers 366 
mouse 376, 377 
transcriptional control 366 
interferon-a/B/@ (INF-a/B/) receptor 372-5, 374 
(fig. ) 
molecular cloning 373-5 
mouse cytokine 378 
signal transduction 375, 377 (fig.), 378 
interferon-B (INF-B) 362 
antiproliferative /antitumor activity 371-2, 378 
biological activities 370-2 
cellular sources 369-70 
mouse cytokine 376-8 
nomenclature 362, 363 
protein 367-9, 368 (fig.), 370 (fig.) 
receptors see interferon-a/B/@ (INF-a/B/@) 
receptor 
summary table 541 
therapy 27 
multiple sclerosis 380 
interferon-B, see interleukin-6 (IL-6) 
interferon-B genes (IFNB genes) 362, 363, 364 (fig. ) 
inducers 366 
mouse 376, 377 
transcriptional control 366-7 
interferon-y (INF-y) 362, 391-8 
antiviral activity 395 
biological activities 394-5 
cachexia 398 
cêllular sources 75, 151, 3935-2 
clinical aspects 398 
IgG isotype production regulation 394-5 
indoleamine 2,3-dioxygenase (IDO) induction 394 
interleukin-1 (IL-1) expression regulation 5, 6 
interleukin-6 (IL-6) induction 92 
interleukin-12 (IL-12) induction 191, 197 
lymphotoxin (lymphotoxin æ; LT-a) induction 341 
macrophage activation 394 
macrophage colony-stimulating factor (MCSF) 
induction 249 
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macrophage inflammatory protein 1-a (MIP-1aq) 
production suppression 474 
macrophage responses 342 
MHC class II molecules expression induction 394 
monocyte chemotactic protein-1 (MCP-1) induction 
494 
monocyte chemotactic protein-2 (MCP-2) induction 
494 
monocytes/macrophages responses 40 
mouse cytokine 397-8 
natural killer (NK) cell activation 394 
nitric-oxide synthase induction 395 
protein 392-3, 393 (fig. ) 
RANTES induction 437 
summary table 542 
T cell secretion 23 
interferon-y (INF-y) gene 392, 392 (fig.) 
mouse 397 
interferon-y (INF-y) receptor 395-6 
alpha receptor chain 395, 396 (fig.) 
beta receptor chain 395-6 
signal transduction 396-7 
interferon-inducible genes 375 
interferon-@ (INF-@) 362 
biological activities 370-2 
cellular sources 369-70 
proteins 368 (fig.), 369 
receptor see interferon-a0/B/@ receptor 
summary table 541 
interferon-@ genes (IFNW genes) 362, 363, 364 (fig.) 
inducers 366 
transcriptional control 367 
interferon-stimulated response element (ISRE) 375 
interferons 361-80 
antiproliferative activity 371-2, 378 
antiviral activity 370-1, 378 
viral defense mechanisms 371 
biological activities 362 
clinical aspects 378-80 
historical background 361 
immunoregulatory activity 372 
induced proteins 375-6, 375 (fig.) 
mRNA instability 370 
nomenclature 362-3 
side effects 378-9 
viral disease treatment 379-80 
interleukin-1 (IL-1) I-13 
acute-phase response mediation 9 
biological activities I, 8-10 
cellular sources 8 
central nervous system effects 9 
clinical aspects [3 
collagen synthesis stimulation 10 
fibroblast proliferation response 10 
granulocyte colony-stimulating factor (G-CSF) 
induction 234, 236 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) induction 264 
hemopoietic cell effects 8 
interleukin-1 (IL-1) gene transcription induction 5 
interleukin-6 (IL-6) induction 88, 90, 92 
interleukin-11 (IL-11) expression regulation 172 
islet B cell toxic effects 10 
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interleukin-1 (IL-1) cont. 
leukemia inhibitory factor (LIF) induction 280 
local catabolic effects 9-10 
macrophage inflammatory protein 1-a (M1P-1q) 
induction 473 
monocyte chemotactic protein-1 (MCP-1) induction 
494 
mouse cytokine 12 
neuroendocrine system effects 9 
post-transcriptional regulation 6 
protein structure 6-8, 7 (fig.) 
secondary cytokine induction 8 
summary table 526 
T cell co-stimulatory activity 8 
tumor necrosis factor (TNF) induction 340, 342, 
343, 345 
tumor necrosis factor (TNF) synergism 13 
vascular cell effects 9 
interleukin-1 converting enzyme (ICE) 1, 6 
interleukin-1 converting enzyme (ICE) inhibitors 13 
interleukin-1 (1L-1) gene 2-6, 3 (fig.), 4 (fig.) 
mouse 12 
promoter 2 
regulation of expression 4-6, 8 
Siheletline 2, 5 (fig.) 
interleukin-1 (IL-1) system 1, 2 (fig.) 
interleukin-1 receptor antagonist (1L-1Ra) 1, 7-8, 
12-13 
cellular sources 12 
clinical aspects 13 
expression regulation 8, 13, 57 
gene structure 5 (fig.), 12 
intracellular form (icIL-I Ra) 8, 12 
protein structure 8, 12 
soluble form 7-8, 12 
structure 12 i 
interleukin-1 receptor type I (IL-1RI) 10, 11 
interleukin-1 receptor type II (1L-1RJI) 10, 11 
interleukin-1] (IL-1) inhibitory actions 11 
soluble form (sIL-RIT) 11 
interleukin-] receptors (IL-1R) 10-11, 10 (fig. ) 
genes 10 
signaling 10, I1 
transduction pathway 1I 
interleukin-lo (1L-l1œ) 1 
B-lymphopoiesis negative regulation 39 
interleukin-8 (IL-8) expression induction 129 
macrophage colony-stimulating factor (MCSE) 
induction 249 
mouse cytokine 11-12 
phase 1] trials 13 
post-transcriptional regulation 6 
protein structure 6, 7, 7 (fig.) 
summary table 526 
interleukin-1o (IL-la) gene 2, 3 (fig.) 
expression regulation 6 
promoter 2, 6 
structure 5 (fig.) 
interleukin-1B (1L-1) I 
interleukin-8 (1L-8) expression induction 129 
monocyte chemotactic protein-2 (MCP-2) induction 
494 
mouse cytokine 12 


phase | trials 13 

post-transcriptional regulation 6 

protein structure 6, 7, 7 (fig.) 

RANTES induction 437 

summary table 526 
interleukin-18 (IL-1B) gene 2, 4 (fig.) 

expression regulation 5-6 

promoter 2, 6 

structure 5 (fig.) 
interleukin-2 (IL-2) 19-27 

adverse reactions 27 

biological activity 22-3 

cellular sources 22, 75, 151 

disease associations 25-6 

gene therapy 26 

interleukin-1 (IL-1) induction 5 ` 

interleukin-2 receptor (IL-2R) binding 24-5 

interleukin-8 (1L-8) induction 129 

interleukin-9 (IL-9) induction 144 

lymphotoxin (lymphotoxin a; LT-a) induction 341 

macrophage inflammatory protein 1-c (MIP-1a) 

induction 473 

mouse cytokine 22 

protein 21-2, 21 (fig.), 22 (fiz) 

secondary cytokine secretion stimulation 22, 23 

summary table 527 | 

T cell production 115 

therapy 26, 27 

tumor necrosis factor (TNF) induction 340, 342 
interleukin-2 (IL-2) gene 20-1, 20 (fig.) 

promoter 8 

regulation of expression 20-1 
interleukin-2 receptor (IL-2R) 23-5, 24 (fig.) 

a chain 23 

B chain 24 

expression 25 

y chain 24, 286 

interleukin-2 (IL-2) binding 24-5 

interleukin-12 (1L-12) induced expression 190 

interleukin-15 (IL-15) binding 221, 224-5 

involvement in disease 25-6 

signal transduction 25, 146 

specific monoclonal antibody therapy 27 
interleukin-3 (IL-3) 35-46 

apoptosis prevention 40 

basophil responses 41 

biological activities 38-42 

cellular sources 38 

disease associations 45 

endothelial cells responses 42 

eosinophil responses 41 

erythropoietin fusion protein 45 

hematopoiesis 38-40, 173, 192, 306, 307 

macrophage inflammatory protein 1-« (MIP-1a) 

induction 473 

mast cells release 35, 38 

megakaryocytopoiesis 173, 308, 330 

monocytes/macrophages responses 40-1 

murine cytokine 43-5, 44 ( fig.) 

neutrophils responses 41-2 

protein 37 

summary table 527 

therapeutic potential 35-6, 45 
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interleukin-3 (1L-3) agonists 45-6 

interleukin-3 (IL-3) fusion proteins 45-6 

interleukin-3 (1L-3) gene 36-7, 36 (fig.), 37 (fig.), 69 
mouse 43 
post-transcriptional control 37 
promoter 71 
transcriptional control 36-7 

interleukin-3 receptor (1L-3R) 42-3, 43 (fig. ) 
B-common subunit (B°) 42, 76, 79 
expression 42—3 
mouse 44 
signal transduction 43, 79 

interleukin-4 (1L-4) 53-61 
adverse reactions 60 
antitumor activity 60 

—Beell effects 56 
biological activities 56-7 
cellular sources 55-6, 75, 151 
diabetes prevention 60 
disease associations 60 
hematopoiesis 57 
1L4.Y124D antibody antagonist 212 
interleukin-1 (IL-1) expression inhibition 5, 6 
interleukin-2 (IL-2) combination therapy 27 
interleukin-6 (1L-6) expression inhibition 92 
interleukin-8 (IL-8) expression inhibition 130 
interleukin-9 (IL-9) induction 144 
macrophage inflammatory protein 1-a (MI1P-1a) 
expression inhibition 473 

mast cells release 38 
mouse cytokine 59-60 
Protein 95, 995 (fe), 50 (fig.) 
summary table 528 
T cell production/responses 23, 57 
therapeutic potential 60, 61 

interleukin-4 (IL-4) gene 53-5, 55 (fig.), 69 
mouse 59 
negative regulatory element (NRE) 55 
promoter 71 
transcriptional control 54-5 

interleukin-4 receptor (IL-4R) 57-9, 58 (fig.), 211 
o chain component 209-10 
interleukin-12 (IL-12) induced expression 190 
mouse cytokine 59-60 
signal transduction 59, 146 
therapeutic potential 61 

interleukin-5 (1L-5) 69-80 
basophil responses 75-6 
biological activities 74-6 
cellular sources 73-4, 75, 151 
clinical aspects 79-80 
eosinophil hematopoiesis 39, 74 
eosinophilia 71, 73, 74, 75, 79-80 
eosinophils activation 41, 75 
mast cells release 38 
protein 71-3, 72 (fig.), 73 (fig.) 
structure-function analysis 73 
summary table 528 

interleukin-5 (1L-5) gene 69, 70, 70 (fig.), 71 (fig.) 
conserved lymphokine element (CLEO) 71 
expression regulation 70-1 

interleukin-5 receptor (1L-5R) 42, 43, 76-9, 76 (fig.) 
& subunit 42, 76 
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structure-function analysis 77-9 
8-common subunit (B) 42, 76, 78, 79 
proteins 77 
signal transduction 43, 78, 79 
subunit genes 76-7 
interleukin-6 (IL-6) 87-100 
acute-phase proteins induction 9, 87, 99 
acute-phase response 94-5, 97-8, 99 
adverse reactions 100 
B cell responses 93 
biological activities 87, 88, 92-5, 277-8 
cell growth regulation 93-4 
cellular sources 92, 151 
central nervous system effects 95 
clinical aspects 99-100 
disease associations 92, 99 
extracellular matrix effects 94 
hematopoiesis 93, 306, 324 
inflammatory response 94-5 
interleukin-1 (IL-1) induction 5, 8 
leukemia inhibitory factor (LIF) induction 280 
macrophage inflammatory protein 1-a (MIP-1a) 
induction 473 
mast cells release 38 
monocyte responses 93 
mouse 98-9 
oncostatin M (OM) induction 405, 406 
protein 90-2, 91 (fig.), 92 (fig.) 
summary table 529 
T cell responses 93 
therapeutic potential 99 
tumor necrosis factor (TNF) induction 342, 345, 348 
interleukin-6 (IL-6) gene 88-90, 89 (fig.), 90 (fig.) 
mouse 98 
transcriptional control 88 
interleukin-6 (1L-6) response element (1L6-RE) 98 
interleukin-6 receptor (1L-6R) 95-7, 95 (fig.), 178 
(fig.), 408 (fig. ) 
gp130 subunit 177, 179, 286, 408 
receptor/ligand interaction 96, 96 (fig. ) 
regulation 96 
signal transduction 97-8, 178 
soluble form 96-7 
subunits 95-6 
interleukin-7 (1L-7) 109-19 
B cell development 39, 113-14, 308, 309 
biological activities 109-10, 113-16 
cellular sources 113 
clinical aspects 118-19 
hematopoiesis 39 
in vivo studies 116 
leukemias response 119 
lymphocyte-activated killer (LAK) cell response 115 
lymphoid compartment regeneration 119 
monocytes activation 115-16 
protein 112-13, 113 (fig.) 
summary table 529 
T cell effects 114-15 
therapeutic potential 110, 118-19 
thymocyte effects 309 
interleukin-7 (IL-7) gene 110-12, 111 (fig.), 112 (fig.) 
expression regulation 110 
gene transfer 118-19 
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interleukin-7 (IL-7) gene transfer 118-19 
interleukin-7 receptor (IL-7R) 116-18, 117 (fig. ) 
cellular distribution 118 
regulatory elements 118 
signal transduction 118 
interleukin-8 (IL-8) 125-34 
angiogenesis 128 
biological activities 125, 130-1 
cellular sources 129-30 
clinical aspects 134 
disease associations 13] 
ELR motif 128 
hematopoiesis 13] 
neutrophil activation 128, 130-1, 456 
polymorphonuclear leukocyte activation 125 
protein 126-9, 129 (fig.) 
summary table 530 
tumor necrosis factor (TNF) induction 342, 343 
interleukin-8 (IL-8) gene 126, 127 (fig.), 128 (fig. ) 
transcriptional control 126 
interleukin-8 (IL-8) receptors 
ENA-78 receptor activity 459 
erythrocyte promiscuous receptor 459 
NAP-2 receptor activity 458-9 
see also CXC chemokine receptor 1 (CXCR1); CXC 
chemokine receptor 2 (CXCR2) 
interleukin-9 (IL-9) 141-8 
biological activities 141-2, 144-5 
cellular sources 143-4 
disease associations 147-8 
hematopoiesis 144 
mouse cytokine 146-7 
protein 142-3, 143 (fig.) 
summary table 530 
interleukin-9 (IL-9) gene 142, 142 (fig.), 143 (fig. ) 
mouse 146 
interleukin-9 receptor (IL-9R) 145, 145 (fig. ) 
genes 145 
mouse cytokine 147 
signal transduction 145-6 
interleukin-10 (IL-10) 151-61 
autoimmunity 157-8 
biological activities 155-8 
cellular sources 154-5 
delayed-type hypersensitivity inhibition 156 
disease associations 160-1 
graft-versus-host disease inhibition 158 
hematopoiesis 156 
inflammatory response inhibition 156-7 
interleukin-I (IL-1) expression inhibition 5 
interleukin-6 (IL-6) expression inhibition 92 
interleukin-8 (IL-8) expression inhibition 130 
interleukin-9 (IL-9) induction 144 
mouse cytokine 159-60 
parasitic infections 158 
protein 153, 154 (fig.) 
summary table 531 
therapeutic potential 160—1 
tumor necrosis factor (TNF) expression inhibition 
341 
viral analogs 156 
interleukin-10 (IL-10) gene 152-3, 152 (fig.), 153 
(fig. ) 


mouse 159 
viral analogs 152, 156 
interleukin-I0 receptor (IL-10R) 158-9, 159 (fig.) 
signal transduction 159 
interleukin-11 (IL-11) 88, 169-79 
adipocyte effects 174 
biological activities 173-7, 277-8 
cellular sources 172-3 
chondrocyte/synoviocyte effects 175 
clinical aspects 178-9 
epithelial cell effects 176-7 
extracellular matrix effects 94 
hematopoiesis 173-4, 175-6, 178-9, 306, 324 
hepatocyte acute-phase response 94, 174-5, 176 
neuronal cell effects 175 ` 
osteoclast effects 175 
plasma volume expansion effects 176 
protein 170-2, 171 (fig.), 172 (fig.) 
serum protein effects 176 
summary table 531 
interleukin-11 (IL-11) gene 169, 170, 170 (fig.), 171 
(fig. ) 
interleukin-1] receptor (IL-11R) 177, 178 (fig.) 
gp130 subunit 177, 179, 286 
interleukin-11 (IL-11) interaction I7 
signal transduction 177-8 
interleukin-12 (IL-12) 183-98 
antimetastatic activity 196-7 
antitumor activity 196-7 
biological activities 189-93 
cell proliferation responses 190, 196-7 
cellular sources 189 
clinical aspects 195-8 
hematopoiesis 192 
IgE production regulation 191-2 
immunomodulatory effects 192 
interferon-y (INF-y) induction 191, 197 
intracellular infection studies 195-6 
lymphocyte-activated killer ( LAK) cell activation 
189-90 
natural killer (NK) cell activation 189-90, 197 
p35 subunit 183, 186-9, 188 (fig.) 
p40 subunit 183, 186-9, 188 (fig.) 
p40 subunit homodimer inhibitory activity 193 
pharmacokinetic properties 197-8 
protein 186-9, 188 (fig.) 
subunit/IL-12 receptor interaction 194—5 
summary table 532 
toxicity studies 198 
tumor necrosis factor (TNE) induction 191 
vaccine adjuvant studies 196 
interleukin-12 (IL-12) genes 184 
mouse cytokine 184, 185 
p35 subunit 184-6, 186 (fig.), 187 ( 
p40 subunit 184-6, 185 (ie), eae 
interleukin-12 receptor (IL-12R) 193-5 
expression 193 
interleukin-12 (IL-12) subunits interaction 194-5 
signal transduction 195 
structure 193-4, 194 (fig.) 
interleukin-13 (IL-13) 205-12 
antibody antagonists 212 
antitumor activities 212 


fig.) 
fig.) 


biological activities 205, 208-9 
cellular sources 208 
disease associations 2] 1-12 
hematopoietic effects 209 
interleukin-1 (1L-1) expression suppression 5 
mouse cytokine 211 
protein 206-8, 207 (fig.) 
summary table 533 
therapeutic potential 212 
interleukin-13 (IL-13) gene 69, 206, 206 (fig.), 207 
~ (fig) 
mouse cytokine (P600) 205, 211 
transcriptional control 206 
interleukin-13 receptor (1L-13R) 209-11, 210 (fig.) 
IL4Ro chain component 205, 209-10 
signal transduction 211 
interleukin-14 (IL-14) 217-19 
biological activities 218-19 
cellular sources 218-19 
protein 218 
summary table 533 
interleukin-14 (IL-14) gene 217-18, 218 (fig.) 
interleukin-14 receptor (1L-14R) 219 
interleukin-15 (IL-15) 221-5 
antitumor activity 225 
biological activities 222-3 
cellular sources 222 
disease associations 225 
hematopoiesis 223 
interleukin-2 receptor (1L-2R) binding 221, 224-5 
protem 222. 223) (fee) 
summary table 534 
interleukin-I5 (IL-15) gene 221-2, 222 (fig.) 
interleukin-15 receptor (1L-15R) 223-4, 224 (fig.) 
© chaim 221 
signal transduction 224-5 
interleukin-16 (IL-16) 227, 228 (fig.), 229 (fig. ) 
biological activities 227 
protein 227, 228 (fig.) 
summary table 534 
therapeutic potential 227 
interleukin-16 (IL-16) gene 227, 228 (fig. ) 
interleukin-16 receptor (1L-16R; CD4) 227, 229 
(fig. ) 
interleukin-17 (IL-17) summary table 535 
interleukin-18 (IL-18) summary table 535 
interstitial nephritis 445 
intracellular infections 
indoleamine 2,3—dioxygenase (IDO) 394 
interleukin-12 (IL-12) effects 195-6 
IRS-1 224 
IRS-2 224 
ischemia-reperfusion injury 
ENA-78 levels 460 
interleukin-8 (IL-8) 131, 134 
neutrophil chemoattractants 460 
tumor necrosis factor (TNF) 350 
islet B cells 10 


JAKI 79 
interferon-o (INF-«) /interferon-B (INF-B) signaling 
375,378 
interferon-y (INF-y) signaling 396 
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interleukin-2 (1L-2) signaling 25 
interleukin-6 (IL-6) signaling 97 
interleukin-7 (1L-7) signaling 118 
interleukin-9 (IL-9) signaling 146 
interleukin-10 (IL-10) signaling 159 
interleukin-13 (IL-I3) signaling 211 
leukemia inhibitory factor receptor (LIFR) signaling 
286 

JAK2 
c-kit receptor signaling 311 
granulocyte-macrophage colony-stimulating factor 

(GM-CSF) signaling 268 

interferon-y (INF-Y) signaling 396 
interleukin-3 (1L-3) signaling 43, 79 
interleukin-5 (IL-5) signaling 79 
interleukin-11 (IL-11) signaling 177 
interleukin-12 (IL-12) signaling 195 
leukemia inhibitory factor (LIF) signaling 286 
thrombopoietin signaling 331 

JAK3 79 
interleukin-2 (1L-2) signaling 25 
interleukin-7 (1L-7) signaling 118 
interleukin-9 (IL-9) signaling 146 

JAK kinases 79 
gp130 signal transduction 97 
oncostatin M (OM) receptor signaling 409 

JE 500 

juvenile laryngeal papilloma (JLP) 379-80 

juvenile rheumatoid arthritis 96 


Kaposi’s sarcoma 
interferon-a (INF-a) therapy 379 
oncostatin M (OM) effects 405 
oncostatin M (OM) treatment 411 
keratinocytes 
interleukin-1 receptor antagonist (IL-1 Ra) 
production 12 
interleukin-3 (1L-3) expression 38 
interleukin-6 (1L-6) production/responses 92, 94 
interleukin-7 (IL-7) expression 113 
interleukin-8 (IL-8) production/responses 129, 
131 i 
interleukin-10 (1L-10) expression 154 
macrophage inflammatory protein 1-a (MI1P-1q@) 
proliferation inhibition 475, 476 
monocyte chemotactic protein-1 (MCP-I) expression 
494, 501 
26—-kilodalton protein see interleukin-6 (IL-6) 
Kimura disease 80 


Langerhans cells 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) responses 265 
macrophage inflammatory protein 1-a (MIP-1q) 
production 473, 475, 476 
large cell anaplastic lymphoma 148 
large granular lymphocytes 
interleukin-2 (IL-2) responses 23 
interleukin-13 (1L-13) responses 209 
LD78 468 
see also macrophage inflammatory protein l-a 
(MIP-1a) 
leiomyosarcoma 254 
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leishmaniasis 398 
interleukin-10 (IL-10) effects 154, 160, 161 
interleukin-12 (1L-12) effects 195, 196 


macrophage colony-stimulating factor (MCSE) effects 


258 
macrophage inflammatory protein 1-¢œ (MIP- 1a) 
effects 482 
transforming growth factor B (TGF-B) effects 425 
tumor necrosis factor (TNF) effects 348 
leprosy, lepromatous 154, 160 
LESTR 479 
leukemia, acute lymphoblastic (ALL) 
flt3 receptor expression 325 
interleukin-7 (IL-7) 119 
leukemia, acute myeloid (AML) 
chromosomal abnormalities 45 
flt3 receptor expression 325 
interleukin-3 (IL-3) 45 
macrophage inflammatory protein 1-a (MIP-1«a) 
therapy 481 
leukemia, acute promyelocytic 233 
leukemia, chronic lymphocytic 218-19 
leukemia, chronic myeloid (CML) 
interferon-o (INF-«) therapy 379 
interleukin-1] (1L-1) 13 
macrophage inflammatory protein 1-a (MIP-1«) 
therapy 481 
leukemia inhibitory factor (LIF) 88, 277-88 
acute-phase response 94, 284 
adipocyte effects 283 
biological activities 277-8, 281-4 
cellular sources 280-1 
chondrocyte effects 283 
disease associations 280-1 
embryonic stem cell effects 282 
experimental elevation 283-4 
extracellular matrix effects 94 
hematopoietic effects 281-2, 284 
hepatocyte effects 94, 283 
mouse cytokine 287 
muscle cell effects 283 
natural inhibitors 284 
neuronal cell effects 282-3, 284 
osteoblast /osteoclast effects 283, 284 
protein 278-9, 280 (fig.), 281 (fig.) 
summary table 538 
therapeutic potential 287-8 
leukemia inhibitory factor (LIF) gene 27 eo ies). 


280 (fig.) 
mouse 287 
leukemia inhibitory factor (LIF)-deficient mice 2 7 
284 F 


leukemia inhibitory factor receptor (LIFR) 178 (fig.), 
278, 284-6, 285 (fig.), 408 (fig.) 
a chain 284, 285 
gp130 subunit 278, 286, 408 
mouse receptor binding specificity 286 
oncostatin M (OM)/leukemia inhibitory factor (LIF) 
receptor 408-9 
signal transduction 286-7 
leukocytic endogenous mediator (LEM) 9 
leukotiene B, 131 
lichenoid dermatitis 501 


lipid metabolism 
macrophage colony-stimulating factor (MCSF) 251-2 
oncostatin M (OM) 406-7 
lipopolysaccharide 
granulocyte colony-stimulating factor (G-CSF) 
induction 234, 236 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) induction 264 
interleukin-1B (1L-1B) induction 4, 5, 8 
interleukin-6 (1L-6) induction 92 
interleukin-8 (IL-8) induction 129 
interleukin-10 (1L-10) induction 155 
leukemia inhibitory factor (LIF) induction 280 
macrophage colony-stimulating factor (MCSF) 
induction 249 ù 
macrophage inflammatory protein ‘l-a (MIP-1«) 
induction 467, 469, 473 
monocyte chemotactic protein-1 (MCP-1) induction 
494 
RANTES transcription induction 444 
tumor necrosis factor (TNF) induction 335-6, 340, 
349 
Listeria monocytogenes 195, 251 
lung carcinoma 129 
lung carcinoma-derived chemotactin (LUCT) see 
interleukin-8 (IL-8) 
lung metastases 196-7 
lung stromal cells 172 
lupus nephritis 13 
Ly-2 cells 393 
lymphocyte-activated killer (LAK) cells 
interleukin-2 (1L-2) effects 19, 23 
interleukin-4 (IL-4) effects 57 
interleukin-7 (1L-7) effects 109-10, 115 
interleukin-12 (1L-12) effects 189-90 
therapy 26 
tumor necrosis factor (TNF) induction 342 
lymphocyte-derived neutrophil-activating peptide 
(LYNAP) see interleukin-8 (IL-8) 
lymphocytic choriomeningitis virus (LCMV) 196 
lymphoid progenitor cells 
interleukin-3 (1L-3) effects 39-40 
interleukin-7 (1L-7) effects 109-0, 119 
interleukin-11 (1L-11) effects 173, 174 
interleukin-12 (IL-12) effects 192 
steel factor (SF) effects 308-9 
lymphomas | 
interleukin-11 (1L-11) effects 174 
interleukin-14 (1L-14) expression 217, 218 
macrophage colony-stimulating factor (MCSF) 
antitumor activity 254 
RANTES expression 438 
see also Hodgkins disease; non-Hodgkin’s lymphoma 
lymphotoxin (lymphotoxin a; LT-&œ) 336 
antiviral activity 342 
cell differentiation effects 342 
cellular sources 151, 340-1 
cytotoxic actions 342 
intracellular processing 340 (fig.), 341 
knockout mice 349 
pro-inflammatory activities 343 
protein structure 338—40, 339 (fig.), 340 (fig.) 
summary table 541 ! 


—— 


lymphotoxin (lymphotoxin a; LT-a«) gene 336, 337 
(fig.), 338 (fig. ) 
transcription regulation 336-8 
lymphotoxin B (LT-B) 336 
intracellular processing 340 (fig. ) 
mouse cytokine 348 
protein structure 338, 339, 339 (fig.) 
summary table 541 
lymphotoxin B (LT-B) gene 337 (fig.), 338, 338 (fig.), 
348 


lymphotoxin B receptor 347 
lysozyme 281 


macrophage colony-stimulating factor (MCSF) 
245-55 
adverse reactions 254 
anti-infectious disease activity 250-1, 254 
antitumor activity 250, 253-4 
biological activities 245-6, 249-52 
cellular sources 249 
hematopoiesis 250, 305, 306, 307 
lipid metabolism 251-2, 254 
monocyte chemotactic protein-1 (MCP-1) induction 
494 
mouse cytokine 253 
pharmacokinetics 254-5 
in pregnancy 251 
protein 246-8, 248 (fig.), 249 (fig.) 
precursors 246-7 
summary table 537 
therapeutic uses 246, 253-5 
macrophage colony-stimulating factor (MCSF) gene 
246, 246 (fig.), 247 (fig.) 
mouse 253 
macrophage colony-stimulating factor receptor 
(MCSER) 252, 253 (fig.) 
signal transduction 252-3 
macrophage inflammatory protein 1-a (MIP-1q) 
467-82 
biological activities 467, 474-6 
cellular sources 473-4 
chemotaxis 474 
clinical aspects 480-2 
hemopoeitic stem cell proliferation inhibition 475 
HIV replication suppression 441 
knockout mouse studies 475-6 
pro-inflammatory activities 474-5, 481-2 
protein 469-73, 470 (fig.), 472 (fig.) 
proteoglycan binding 470-1 
receptors 476-9 
in HIV infection 479 
signal transduction 479-80 
summary table 545 
suppression of expression 473-4 
macrophage inflammatory protein 1-o (MIP-1a) gene 
468-9, 468 (fig.) 
transcriptional control 469 
macrophage inflammatory protein 1-8 (MIP-18; 
ACT-2)) 467, 470, 471, 472 
biological activities 474 
HIV replication suppression 441 
macrophages 
antigen presentation 342 
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atherosclerotic lesions 251 
cytotoxic activity 342, 372 
deactivation 342 
granulocyte colony-stimulating factor (G-CSF) 
production/responses 234, 236 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) responses 265 
infection response 236 
interferon-y (INF-7) responses 394, 395 
interleukin-1 (IL-1) expression 5-6, 8, 40 
interleukin-1 receptor antagonist (IL-1 Ra) 
production 13 
interleukin-2 (IL-2) responses 23 
interleukin-3 (IL-3) responses 40-1 
interleukin-4 (IL-4) responses 57 
interleukin-6 (IL-6) production 92 
interleukin-8 (IL-8) production 129 
interleukin-10 (IL-10) responses 155-6 
interleukin-12 (IL-12) production 189 
interleukin-13 (IL-13) responses 205, 208-9 
interleukin-15 (IL-15) production 222 
leukemia inhibitory factor (LIF) responses 281 
LFA-1 expression 40 
macrophage colony-stimulating factor (MCSF) 
production 249 
macrophage inflammatory protein 1-a (MIP-1«) 
production/responses 467, 469, 473, 474 
MHC class II molecules expression 40, 394 
nitric oxide induction 395 
oncostatin M (OM) production 404 
RANTES expression 438, 444 
tumor necrosis factor (TNF) production/responses 
336, 340, 342 
tumoricidal activity 23, 41 
macrophages granulocyte inducing factor 2 (MGI-2) see 
interleukin-6 (IL-6) 
macrophages/granulocyte inducer type 2 see leukemia 
inhibitory factor (LIF) 
macular holes 425-6 
malaria 
interleukin-10 (IL-10) association 154 
tumor necrosis factor (TNF) effects 348, 349-50 
manganese superoxide dismutase 343 
mannose receptor 209 
MAP kinase 
c-kit receptor signaling 311 
granulocyte colony-stimulating factor (G-CSF) 
signaling 238 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) effects 265 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) signaling 268 
interleukin-2 (IL-2) signaling 25 
interleukin-3 (IL-3) signaling 43 
interleukin-5 (IL-5) signaling 79 
interleukin-6 (IL-6) gene regulation 90 
interleukin-6 (IL-6) signaling 97 
interleukin-11 (IL-11) signaling 177 
interleukin-12 (IL-12) signaling 195 
macrophage inflammatory protein 1-a (MIP-1q@) 
signaling 480 
oncostatin M (OM) signaling 409 
thrombopoietin signaling 331 
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MAP kinase kinase 331 
mast cell growth enhancing activity (MEA) see 
interleukin-9 (IL-9) 
mast cell growth factor see steel factor (SF) 
mast cells 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) production 264 
IgE-mediated cytokine release 38 
interleukin-3 (IL-3) production 35, 38, 264 
interleukin-4 (IL-4) production/responses 53, 55, 
50 57 
interleukin-5 (IL-5) production 74 
interleukin-6 (IL-6) production 92 
interleukin-9 (IL-9) responses 147 
interleukin-10 (1L-10) responses 156 
interleukin-13 (1L-13) production/responses 208, 
209 
macrophage inflammatory protein 1-0 (MIP-1a) 
production/responses 473, 474 
steel factor (SF) responses 307-8, 312 
megakaryocyte growth and development factor see 
thrombopoietin 
megakaryocytes 
interleukin-10 (1L-10) responses 156 
RANTES expression 434, 438 
megakaryocytopoiesis 39 
c-kit ligand 330 
c-mpl 327 
interleukin-3 (IL-3) 330 
interleukin-6 (IL-6) 93, 100 
interleukin-11 (IL-11) 173, 175, 176, 178 
leukemia inhibitory factor (LIF) 281-2, 284 
oncostatin M (OM) 405 
steel factor (SF) 308 
thrombopoietin 327, 330-1 
melanocyte-derived lipoprotein lipase inhibitor 
(MLPLI) see leukemia inhibitory factor (LIF) 
melanocytes 
monocyte chemotactic protein-1 (MCP-1) 
production 494 
steel factor (SF) effects 304-5 
melanoma 
c-kit expression 305 
interferon- (INF-a) therapy 379 
interleukin-8 (IL-8) production 129 
interleukin-10 (1L-10) production 154 
interleukin-11 (IL-11) production 172 
macrophage colony-stimulating factor (MCSF ) 
therapy 253 
melanoma growth-stimulatory activity (MGSA) see 
GRO/MGSA 
Mengo virus 370 
meningioma 278 
meningitis, bacterial 154 
mesangial cells 
interleukin-6 (1L-6) production 92 
interleukin-8 (IL-8) production 129 
interleukin-13 (IL-13) responses 209 
monocyte chemotactic protein-1 (MCP-1) 
production 494 
RANTES expression 434, 443 
mesangial proliferative glomerulonephritis 99, 100 
metalloproteinases 10, 94 
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metastasis 
C-C/C-X-C chemokines 461 
interleukin-12 (IL-12) 196-7 
monocyte chemotactic proteins (MCPs) 501-2 
tumor necrosis factor (TNF) 344-5 
MHC class 1 molecules expression 372 
MHC class 1I molecules expression 
B cells 53, 56 
interferon-y (INF-Y) induction 394 
interleukin-10 (IL-10) regulation 155 
interleukin-12 (IL-12) effects 190 
interleukin-13 (1L-13) induction 208, 209 
interleukin-16 (1L-16) induction 227 
monocytes 57,155 > 
microglia 92 
microsatellite instability 424 = 
milk 131 
mlp ligand see thrombopoietin 
monocyte chemotactic protein (MCP) receptors 
498-9 
monocyte chemotactic protein-1 (MCP-1) 461, 489, 
490, 492-3, 493 (fig.) 
biological activities 495-7, 496 (fig. ) 
cellular sources 494 
gene 490-1, 491 (fig.) 
murine cytokine (JE) 500 
signal transduction 499-500 
summary table 545 
monocyte chemotactic protein-2 (MCP-2) 490 
biological activities 496 (fig.), 497 
cellular sources 494-5 
protein 493-4, 493 (fig. ) 
summary table 545 
monocyte chemotactic protein-3 (MCP-3) 490 
biological activities 496 (fig.), 497-8 
cellular sources 495 
gene 491, 492 (fig.) 
protein 493-4, 493 (fig.) 
signal transduction 499-500 
summary table 545 
monocyte chemotactic proteins (MCPs) 489-502 
biological activities 495-8, 496 (fig. ) 
cellular sources 494-5 
clinical aspects 501-2 
genes 490-1, 491 (fig.), 492 (fig.) 
mouse cytokines 500-1 
proteins 492-4 
signal transduction 499-500 
summary tables 545 
monocyte-derived neutrophil chemotactic factor 
(MDNCE) see interleukin-8 (IL-8) 
monocyte-derived neutrophil-activating peptide 
(MONAP) see interleukin-8 (IL-8) 
monocytes 
Candida albicans killing 41 
granulocyte colony-stimulating factor (G-CSF) 
production 57, 236 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) production/responses 57, 264, 265, 
266 
interleukin-1 (IL-1) production/responses 5-6, 7, 8 
interleukin-] receptor antagonist (IL-1 Ra) 
production 12, 13, 57 
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interleukin-2 (1L-2) responses 19, 23 
interleukin-3 (1L-3) responses 40-1 
interleukin-4 (1L-4) responses 57 
interleukin-6 (1L-6) production /responses 92, 93 
interleukin-7 (1L-7) responses 115-16 
interleukin-8 (1L-8) production 127, 129 
interleukin-10 (1L-10) production/responses 154, 
, 155-6 
interleukin-12 (1L-12) production 189 
interleukin-13 (1L-13) responses 205, 208-9 
interleukin-15 (1L-15) production 222 
interleukin-16 (IL-16) responses 227 
macrophage colony-stimulating factor (MCSF) 
production 245, 249 
macrophage inflammatory protein 1-a@ (M1P-la) 
production 473 
MHC class Il molecules expression 57, 155 
monocyte chemotactic protein-1 (MCP-1) 
production/responses 494, 495, 497 
monocyte chemotactic protein-2 (MCP-2) 
production 494, 495 
RANTES production/responses 434, 436, 439, 440, 
444 
transendothelial migration 440 
tumor necrosis factor (TNF) production/responses 
340, 342 
monocytes-derived chemotaxin (MOC) see interleukin-8 
(IL-8) 
mTOR 25 
multicolony stimulating factor (multi-CSF) see 
interleukin-3 (1L-3) 
multiple myeloma 
interferon-a (1NEF-a) therapy 379 
interleukin-6 (1L-6) 99, 100 
interleukin-10 (IL-10) 154 
multiple sclerosis 398 
interferon-B (INF-B) therapy 380 
interleukin-4 (1L-4) 60 
oncostatin M (OM) 410 
transforming growth factor B (TGF-B) therapy 426 
tumor necrosis factor (TNF) effects 343, 350 
multipotential growth factor see steel factor (SF) 
muscle cells 
interleukin-15 (IL-15) production/responses 222, 
223 
leukemia inhibitory factor (LIF) responses 283 
tumor necrosis factor (TNF) responses 343 
see also smooth-muscle cells 
mycobacterial infections 398 
interleukin-10 (IL-10) 160 
macrophage colony-stimulating factor (MCSF) 251 
myelodysplastic syndrome (MDS) 
chromosomal abnormalities 45 
granulocyte colony-stimulating factor (G-CSF) 
therapy 239 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) therapy 270 
interleukin-3 (1L-3) 45 
myeloid progenitor cells 
granulocyte colony-stimulating factor (G-CSF) 
responses 237 
interleukin-3 (IL-3) responses 38-9 
interleukin-11 (1L-11) responses 174 
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macrophage colony-stimulating factor (MCSF) 
responses 245 
surface molecules expression 39 
myeloproliferative leukemia virus (MPLV) 327, 331 
myelosuppression recovery see bone marrow support 


NAP-2 449-61 
basophil responses 457 
biological activities 456-8 
cellular sources 454-6 
clinical aspects 459-61 
endothelial cells responses 457 
eosinophil responses 457 
gene 450, 451 (fig.), 452 (fig.) 
in vivo effects 458 
neutrophil responses 456 
precursors processing 454-5, 455 (fig. ) 
protein 452-4, 453 (fig.) 
receptors 458-9 
signal transduction 459 
summary table 544 
natural killer cell stimulatory factor (NKSF) see 
interleukin-12 (1L-12) 
natural killer (NK) cells 
cytotoxicity 372 
interferon-y (INF-y) production/responses 393, 
394 
interleukin-2 (IL-2) responses 19, 23 
interleukin-3 (IL-3) production 38 
interleukin-4 (IL-4) responses 57 
interleukin-6 (IL-6) responses 93 
interleukin-I0 (1L-10) responses [56 
interleukin-12 (IL-12) responses 183, 189-90, 192, 
197 
interleukin-15 (IL-15) responses 221, 223 
monocyte chemotactic protein-1 (MCP-1) responses 
496 
monocyte chemotactic protein-2 (MCP-2) reponses 
497 
monocyte chemotactic protein-3 (MCP-3) responses 
497 
RANTES responses 434, 439, 440 
tumor necrosis factor (TNF) production 342 
necrosis induction 341 
negative acute-phase proteins 94 
neonatal sepsis 240 
neovascularization of tumor tissue 461 
nephrotic syndrome 212 
neuroblastoma 312 
neuroendocrine system effects 9 
neuronal cells 
interleukin-3 (1L-3) expression 38 
interleukin-9 (1L-9) effects 147 
interleukin-11 (1L-11) effects 175 
leukemia inhibitory factor (LIF) effects 282-3, 284 
oncostatin M (OM) effects 407 
neutropenia, chemotherapy-associated 238 
neutrophil-activating factor (NAF) see interleukin-8 (1L-8) 
neutrophils 
C-X-C chemokine responses 449-50 
chemotaxis 456, 459-60 
ENA-78 responses 456-7 
endothelial cell adhesion 342 
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neutrophils cont. 
granulocyte colony-stimulating factor (G-CSF) 
responses 236-7 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) responses 265, 266 
GRO/MGSA responses 516 
infection responses 236 
interleukin-3 (IL-3) responses 41-2 
interleukin-4 (IL-4) responses 57 
interleukin-8 (IL-8) production/responses 129, 
130-1 
NAP-2 responses 456 
respiratory burst 456 
signal transduction 459 
tissue damage 134 
tumor necrosis factor (TNF) responses 342 
Nieman-Pick disease 1] 
nitric-oxide synthase induction 395 
non-Hodgkin’s lymphoma 
granulocyte colony-stimulating factor (G-CSE) 
therapy 238-9 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) therapy 270 
interferon-& (INF-a) therapy 379 
interleukin-10 (IL-10) production 154 
interleukin-14 (IL-14) expression 218 


oligodendrocytes 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) responses 265 
interleukin-2 (IL-2) responses 23 
tumor necrosis factor (TNF) responses 343 
oncogenesis 424 
oncostatin M (OM) 88, 401-11 
acute-phase proteins induction 94, 406 
antitumor activity 404-5 
atherosclerosis 406-7 
biological activities 277-8, 286, 404-7 
cell proliferation 405 
cellular sources 404 
cholesterol metabolism 406-7 
clinical aspects 410-11] 
extracellular matrix effects 94 
hematopoiesis 405, 410 
hepatocytes 94 
immune function 405-6 
inflammatory activity 405-6 
interleukin-6 (IL-6) induction 92, 405, 406 
mouse cytokine 410 
neurotropic effects 407 
protein 402-4, 404 (fig.) 
post-translational processing 403, 403 (fig.) 
summary table 542 
oncostatin M (OM) gene 278, 402, 402 (fig.), 403 (fig.) 
mouse 410 
oncostatin M (OM) receptors 178 (fig.), 407-9, 408 
(fig. ) 
gp130 subunit 286, 401, 407-8 
oncostatin M (OM)-specific 407-8 
oncostatin M (OM)/leukemia inhibitory factor (LIF ) 
286, 408-9 
signal transduction 409-10 
oral mucositis 426 


organogenesis 438-9 
osteoblasts 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) production 264 
interleukin-4 (IL-4) responses 57 
interleukin-11 (IL-11) production 172 
interleukin-13 (IL-13) responses 209 
leukemia inhibitory factor (LIF) responses 283, 284 
monocyte chemotactic protein-1 (MCP-1) 
production 494 
osteoclast-activating factor (OAF) see leukemia 
inhibitory factor (LIF) 
osteoclasts 
interleukin-11] (IL-11) responses 175 
leukemia inhibitory factor (LIF) responses 283 
macrophage inflammatory protein‘1-o (MIP-1a) 
responses 475 
osteoporosis 13 
osteosarcoma 
interleukin-11 (IL-11) production 172 
tumor necrosis factor (TNF) effects 342 
ovarian c-kit expression 304 
ovarian tumors 
interleukin-1 (IL-1) 13 
interleukin-8 (IL-8) 129 
interleukin-10 (IL-10) 154 
tumor necrosis factor (TNF) 342 


pl5 422, 423 
p21 422 
P40 see interleukin-9 (IL-9) 
p55 TNF receptor 345-6, 346 (fig.) 
apopotsis 347-8 
knockout mice 348-9 
p57 TNF receptor 
apopotsis 347 
knockout mice 349 
P600 205 
see also interleukin-13 (IL-13) gene 
palmoplantar pustulosis 134 
papilloma virus 379-80 
parasite infection 
eosinophilia 73, 74, 75, 80 
interleukin-3 (IL-3) 146 
interleukin-9 (IL-9) 146-7 
interleukin-10 (IL-10) 158, 161 
interleukin-12 (IL-12) 196 
macrophage inflammatory protein 1-a (MIP-la) 474 
PBP (platelet basic protein) 453 (fig.) 
NAP-2 formation 454, 455 (fig.) 
phosphatidylinositol 3’-kinase (PI3K) 311 
phospholipase C (PLC) 479, 480 
phospholipase D 459 
picornaviruses 370 
piebald trait 305 
PIM-1 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) signaling 268 
thrombopoietin signaling 331 
PIXY321 45, 306, 324 
placenta 
interleukin-15 (IL-15) expression 222 
macrophage colony-stimulating factor (MCSF) 251 


plasmacytoma 13, 99 
plasminogen activator (PA) 406 
Plasmodium falciparum 348 
platelet factor 4 (PF,) 471 
platelets 
macrophage inflammatory protein 1-a (MIP-1a) 
production 473 
NAP-2 formation 454 
pne&wmonia 
eosinophils involvement 80 
granulocyte colony-stimulating factor (G-CSF) 236, 
239-40 
polymorphonuclear leukocytes 
interleukin-1 receptor antagonist (IL-1 Ra) 
production 12, 13 
interleukin-8 (IL-8) activation 125 
macrophage inflammatory protein 1-a (MIP-1q@) 
production 473 
pre-B cells 
flt3 ligand responses 324 
interleukin-7 (IL-7) effects 113-14 
steel factor (SF) effects 308-9 
pregnancy 251 
primary biliary cirrhosis 80 
pro-B cells 
interleukin-7 (IL-7) effects 113-14 
steel factor (SF) effects 309 
prostaglandins 
fever 9 
interleukin-1 (IL-1) expression inhibition 5, 8 
tumor necrosis factor (TNF) responses 341, 345 
psoriasis 
interleukin-8 (IL-8) 131, 134 
monocyte chemotactic protein-1 (MCP-1) 501 
transforming growth factor B (TGF-B) therapy 425 
tumor necrosis factor (TNF) 350 
pulmonary alveolar proteinosis 266 


5q3l gene cluster 69 


Raf 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) signaling 268 
interleukin-5 (IL-5) signaling 79 
interleukin-6 (IL-6) signaling 97 
thrombopoietin signaling 331 
RANTES 433-45 
antiviral actions 434 
biological activities 439-4] 
cell adhesion 439, 444 
cellular sources 437-9 
chemotaxis 439, 440, 441 
clinical aspects 444-5 
haptotaxis 439 
HIV infection 479, 482 
mouse chemokine 443-4 
cross-reactivity 444 
organogenesis 438-9 
protein 436-7, 437 (fig.) 
summary table 543 
transendothelial migration 440, 444 
RANTES gene 434, 435 (fig.) 
mouse 443 
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transcriptional control 434-6 
RANTES receptors 441~3, 442 (fig.), 477 
signal transduction 443 
Ras system 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) effects 265 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) signaling 268 
interleukin-2 (IL-2) signaling 25 
interleukin-5 (IL-5) signaling 79 
interleukin-6 (IL-6) gene regulation 90 
interleukin-6 (IL-6) signaling 97 
interleukin-11 (IL-11) signaling 177 
thrombopoietin signaling 331 
Rb phosphorylation 421 
renal cell carcinoma 99 
interferon-& (INF-a) therapy 379 
macrophage colony-stimulating factor (MCSF) 
antitumor activity 254 
reoviruses 370, 371 
respiratory burst 456 
rhabdoviruses 370 
rheumatoid arthritis 
ENA-78 459-60 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) 269 
interleukin-1 (IL-1) 13 
interleukin-6 (IL-6) 99, 100 
interleukin-8 (IL-8) 131, 134 
interleukin-10 (IL-10) 154, 160, 161 
interleukin-15 (IL-15) 225 
macrophage inflammatory protein 1-a (MIP-1a) 
469, 481 
monocyte chemotactic protein-1 (MCP-1) 501 
neutrophil chemoattractants 459-60 
oncostatin M (OM) effects 410 
RANTES expression/responses 438, 445 
tumor necrosis factor (TNF) 350 


sarcoidosis 227 
RANTES responses 445 
Schistosoma mansoni 41 
interleukin-10 (IL-10) 158 
interleukin-12 (IL-12) 195, 196 
scleroderma 60 
SDF-1 449, 450 
receptors in HIV infection 479 
seminomas 303-4 
sepsis 
granulocyte colony-stimulating factor (G-CSF) 
therapy 240 
monocyte chemotactic proteins (MCPs) expression 
501 
RANTES expression/responses 444 
tumor necrosis factor (TNF) 349 
septic shock 
interleukin-1 (IL-1) 13 
interleukin-10 (IL-10) 156 
leukemia inhibitory factor (LIF) 280 
septicemia 
interleukin-10 (IL-10) 154 
leukemia inhibitory factor (LIF) 280 
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serpentine receptors 490 
macrophage inflammatory protein 1-æ (MIP-1a) 476 
see also G-protein-coupled receptors 
serum amyloid 9 
serum proteins 176 
severe chronic neutropenia (SCN) 239 
She 331 
SHPTP1 252, 253 
SI (steel) 297, 298, 311 
B cell development 308 
hematopoetic system abnormalities 305 
pigmentation defects 304 
reproductive deficiencies 303 
SF (Steel-Dickie) 304, 311 
slow wave sleep 9 
Smad proteins 421 
small cell lung tumors 312 
smooth-muscle cells 
atherosclerotic lesions 251 
interleukin-8 (IL-8) production 129 
macrophage colony-stimulating factor (MCSF) 
production 245, 249, 25] 
monocyte chemotactic protein-1 (MCP-1) 
production 494 
oncostatin M (OM) effects 407 
tumor necrosis factor (TNF) effects 342 
soft tissue sarcomas 254 
spermatogenesis 
macrophage inflammatory protein 1-a (MIP-la) 
responses 475 
steel factor (SF) effects 303 
src kinases 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) signaling 268 
interleukin-2 (IL-2) signaling 25 
interleukin-3 (IL-3) signaling 43 
interleukin-7 (IL-7) signaling 118 
leukemia inhibitory factor (LIF) signaling 286 
STATI 98 
interferon-o (INF-«)/interferon-B (INF-B) signaling 
573,1 978 
interleukin-7 (IL-7) signaling 118 
interleukin-9 (IL-9) signaling 146 
leukemia inhibitory factor (LIF) signaling 287 
thrombopoietin signaling 331 
STATl« 159 
STAT2 
interferon-a (INF-«)/interferon-B (INF-B) signaling 
375, 378 
interleukin-12 (IL-12) signaling 195 
STAT3 98 a 
interleukin-5 (IL-5) signaling 79 * 
interleukin-9 (IL-9) signaling 146 
interleukin-10 (IL-10) signaling 159 
interleukin-15 (IL-15) signaling 224 
leukemia inhibitory factor (LIF) signaling 287 
thrombopoietin signaling 331 
STAT4 195 
STAT5 
interleukin-7 (IL-7) signaling 118 
interleukin-9 (IL-9) signaling 146 
interleukin-15 (IL-15) signaling 224 
thrombopoietin signaling 331 


STAT84 396 


STAT91 396 
STAT transcription factors 79 


interleukin-6 (IL-6) signaling 97 
leukemia inhibitory factor (LIF) signaling 286-7 
oncostatin M (OM) signaling 409-10 
steel factor (SF) 297-312 
biological activities 303-9 
cellular sources 301-3 
clinical aspects 312 
embryogenesis 301 
erythropoiesis 173, 307 
germ cell effects 303-4 
hemopoietic progenitor cell effects 39, 173, 192, 
305-7 x 
isoforms 302, 304 H 
lymphopoietic cell effects 113-14, 308-9 
mast cell effects 307-8 
megakaryocyte effects 308 
melanocyte effects 304-5 
murine S/ locus 311 
pre-B cell effects 113-14 
protein 300-1, 301 (fig.), 302 (fig.) 
rat 311 
soluble form 302-3, 304 
summary table 539 
therapeutic potential 312 
steel factor (SF) gene 298-300, 299 (fig.) 
chromosomal location 298 
cloning 298 
genomic locus structure 299-300 
mRNAs alternative splicing 299, 300 (fig. ) 
stem cell factor see steel factor (SF) 
stromelysin 94 
surgical trauma 99 
sweat 13] 
syc tyrosine kinase 25 
synovial cells 
interleukin-8 (IL-8) production 129 
interleukin-1] (IL-11) production / responses 172, 
Wes 
NAP-2 responses 457 
tumor necrosis factor (TNF) responses 343 
syp 177 
systemic lupus erythematosus 99, 158 


T cell lymphomas 
interleukin-7 (IL-7) 119 
interleukin-9 (IL-9) 147-8 
T cell replacing factor see interleukin-5 (IL-5) 
T cel 
apoptosis regulation 156 
costimulatory signals 8, 70 
development 110, 114-15 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) production 264 
interferon-y (INF-y) production 393 
interleukin-1 (IL-1) responses 8 
interleukin-2 (IL-2) production/responses 19, 21, 
22-3, 115 
interleukin-3 (IL-3) production 35938 
interleukin-4 (IL-4) production/responses 53, 55, 57 
interleukin-5 (IL-5) production O07 173674 


interleukin-6 (IL-6) production/responses 92, 93 

interleukin-7 (IL-7) proliferative effects 115 

interleukin-9 (IL-9) production/responses 141, 143, 
144, 147 

interleukin-10 (IL-10) production/responses 154-5, 
156 

interleukin-12 (IL-12) responses 183, 190, 192 

interleukin-14 (IL-I4) production 217, 218 

intérleukin-15 (IL-15) responses 221, 222, 223 

lymphotoxin (lymphotoxin «; LT-a) production 336, 
341 


macrophage colony-stimulating factor (MCSF) 
production 249 
MHC class II molecules expression 394 
monocyte chemotactic protein-I (MCP-1) responses 
496 
monocyte chemotactic protein-2 (MCP-2) reponses 
497 
monocyte chemotactic protein-3 (MCP-3) responses 
497 
RANTES production/responses 434-6, 438, 439-40 
tumor necrosis factor (TNF) responses 342 
testicular tumors 303-4, 312 
T0 cells 394 
interleukin-10 (IL-10) production 154, 161 
interleukin-12 (IL-12) induction 191 
interleukin-13 (IL-13) production 208 
T leel 75,151, 393,394 
interferon-y (INF-y) production 393—4 
interleukin-2 (IL-2) production 22 
interleukin-10 (IL-10) production 154, 161 
interleukin-12 (IL-12) induction 191, 192 
interleukin-13 (IL-13) production 208 
parasitic infection responses 158 
2 cells. 7a, 390, 394 
interferon-y (1NF-y) inhibition 394 
interleukin-2 (IL-2) production 22 
interleukin-9 (IL-9) production 146 
interleukin-10 (IL-10) production 154, I61 
interleukin-13 (IL-13) production 205, 208 
parasitic infection responses 158 
thrombocytopenia 178-9, 331 
thrombopoietin 308, 327-32 
biological activities 330-1 
cellular sources 330 
megakaryocytopoiesis 327, 330-1 
protein 329-30, 330 (fig.) 
summary table 540 
therapeutic potential 331 
thrombopoietin gene 328-9, 328 (fig.) 
alternative splicing of mRNA 329 
transcription regulation 329 
thrombopoietin receptor 331, 331 (fig.) 
signal transduction 331-2 
thymic epithelial cells 
interleukin-3 (IL-3) expression 38 
interleukin-7 (IL-7) production 113 
thymic stromal cells 
interleukin-7 (1L-7) production 113 
steel factor (SF) effects 309 
thymocytes 
growth factors 40 
interleukin-2 (IL-2) responses 23 
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interleukin-4 (IL-4) responses 57 
interleukin-7 (IL-7) responses 110, 114-15 
interleukin-9 (IL-9) response 144 
interleukin-12 (IL-12) responses 192 
oncostatin M (OM) responses 405 
steel factor (SF) responses 309 
thymoma 254 
thyroid carcinoma 172 
tissue inhibitor of metalloproteinases (TIMP) 94, 175 
oncostatin M (OM) regulation 406 
Toxoplasma gondit 394, 398 
interleukin-12 (IL-12) effects 195, 196 
transforming growth factor B (TGE-B) effects 425 
TRADD 347 
TRAF2 347 
transendothelial migration 440, 444, 496 
transforming growth factor B (TGF-B) 
biological activities 419 
cell proliferation inhibition 419, 421, 425 
resistance in cancer cells 424 
cell-environmental interactions 419 
clinical aspects 424-6 
fibrosis/wound healing 424 
genes 416 
transcriptional control 416 
immune response regulation 424-5 
interleukin-1]1 (IL-11) expression regulation 172 
isoforms 416, 418 (fig.) 
knockout mice 423-4 
latent complex 418-19 
activation 419 
macrophage deactivation 342 
macrophage inflammatory protein 1-a (M1P-1«@) 
production suppression 473-4 
mouse cytokine 423-4 
embryogenic effects 423 
mucosal cell chemoprotection 425, 426 
oncogenesis 424 
summary table 543 
transgenic mice 424 
tumor necrosis factor (TNF) synthesis inhibition 
341 
transforming growth factor B, (TGF-B,) 415-26 
biological activities 415 
cellular sources 417-18 
gene 416, 417 (fig.), 418 (fig.) 
mouse 423 
transcriptional control 416 
protein 416-17, 418 (fig.), 423 
summary table 543 
transforming growth factor B, (TGF-B,) 415 
gene 416 
mouse 423 
protein 416, 418 (fig.) 
transforming growth factor B, (TGF-B,;) 415 
gene 416 
mouse 423 
protein 418 (fig.) 
transforming growth factor B (TGF-B) receptors 420, 
420 (fig.) 
cancer associations 424 
growth inhibitory effects 421-3, 422 (fig.) 
signal transduction 420-3 
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transforming growth factor B (TGF-B) superfamily 415, 
418 (fig.) 
transplant rejection/tolerance 
interleukin-10 (1L-10) 158, 160, 161 
RANTES expression 444 
tumor necrosis factor (TNF) 350 
trauma 99 
trophoblast 
interleukin-11 (1L-11) 172 
macrophage colony-stimulating factor (MCSF) 251 
trypanosomiasis 158 
tuberculosis 
interleukin-10 (IL-10) 160 
monocyte chemotactic protein-1 (MCP-1) 501 
RANTES 445 
tumor necrosis factor (TNF) 335-51 
antagonists 34] 
antitumor activity 343-5, 350-1 
antiviral activity 342 
autoimmune responses 350 
biological activities 341-5 
cachexia 349-50 
cell differentiation effects 342 
cellular sources 340-1 
clinical aspects 348-51 
cytotoxic actions 341-2, 347-8 
gene induction 343 
granulocyte colony-stimulating factor (G-CSF) 
induction 234 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) induction 264 
hyperthermia synergy 341, 344 
immune-modulatory activity 342-3, 350 
infection responses 350 
interleukin-] (IL-1) induction 5, 6, 345 
interleukin-1 (IL-1) synergism 13 | 
interleukin-6 (IL-6) induction 88, 92, 345, 348 
interleukin-8 (IL-8) induction 129 
interleukin-10 (1L-10) induction 155 
interleukin-12 (IL-12) induction 191 
intracellular processing 340-1, 340 (fig.) 
macrophage colony-stimulating factor (MCSF) 
induction 249 
macrophage inflammatory protein 1-o (MIP-la) 
induction 474 
mitogenic effects 342 
monocyte chemotactic protein-1 (MCP-1) induction 
494 
mouse cytokine 348 
pro-inflammatory activity 342-3, 350 
prostaglandins induction 345 
protein structure 338-40, 339 (fig.), 340 (fig.) 
RANTES induction 437 
sepsis 349 
stimuli for production 340 
summary table 540 
T cell secretion 23 
therapy 27 
tumor necrosis factor (TNF) gene 336, 337 (fig.), 338 


(fig.) 


mouse 348 
transcription regulation 336-8 
tumor necrosis factor (TNF) receptors 345-7 
apopotsis 347-8 
interleukin-12 (1L-12) induced expression 190 
mouse 348 
p55 345-6, 346 (fig.), 348 
p75 345-6, 346 (fig.), 348 
signal transduction 347-8 
tumor necrosis factor (TNF) resistance proteins 343 
tumor vaccine 270 
TYK2 kinase 79 
interferon-a (INF-a)/interferon-B (INF-B) signaling 
375, 378 
interleukin-6 (IL-6) signaling 97 
interleukin-10 (1L-10) signåling 159 
interleukin-12 (IL-12) signaling 195 
leukemia inhibitory factor (LIF) signaling 286 
thrombopoietin receptor signaling 331 
type II interferon see interferon-y (INF-y) 


ulcerative colitis 131, 134 
US28 441, 443, 478-9 
uterine endometrial glands 
leukemia inhibitory factor (LIF) production 281 
macrophage colony-stimulating factor (MCSF) 
production 249, 251 


v-kit 309 

v-mpl 327, 331 

vaccinia virus 371, 395 

vasculitis 13, 99 

VCAM- 1 (vascular cell adhesion molecule-1) 209, 343, 

439 

venous ulcers 425-6 

vesicular stomatitis virus (VSV) 
interferons inhibition 370 
lymphotoxin (lymphotoxin a: LT-a) induction 341 
tumor necrosis factor (TNF) antiviral effect 342 

viral interference 361 

VLA-4 (very late activation antigen-4) 80, 439 
lymphoid progenitor cell proliferation 39 

VLA-5 (CD49c)) 209 

von Willebrand factor (vWF) 176 


W (dominant white spotting) 297-8, 312 
B cell development 308 
c-kit receptor (CD117) defects 310 
hematopoetic system abnormalities 305 
pigmentation defects 304 
reproductive deficiencies 303 

Wilms’ tumor 438 

wound healing 424 
hard tissues 426 


X-linked severe combined immunodeficiency (X-linked 
SCID) 210 
interleukin-2 (IL-2)/interleukin-2 receptor (IL-2R) 
involvement 26, 225 
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